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a b s t r a c t

Two novel carboxylphenyl-modified calix[4]arenes, tetrakis-carboxylphenylcalix[4]arene (TCPC) and
1,3-bis-carboxylphenylcalix[4]arene (BCPC), as well as a corresponding analogue for comparison, tetrakis-
phenylcalix[4]arene (TPC), have been synthesized by palladium-catalyzed Suzuki cross-coupling of
arylboronic acid and tetrabromocalix[4]arene as a key step. The binding properties of these calix[4]arene
derivatives with bovine heart cytochrome c (cyt c) in dimethylformamide (DMF) was investigated by fluo-
eywords:
alix[4]arene carboxylphenyl derivatives
ytochrome c
rotein binding
ynthesis

rescence spectroscopy. The binding affinity in the order of TCPC > BCPC � TPC reflects a clear dependence
on the number of carboxyl ligating groups attached onto a receptor and suggests the electrostatic force
may be the predominant factor driving the complexing process. The stable 1:1 complexes of TCPC and
BCPC with cyt c were evidenced with the binding constants of 3.15 × 106 and 5.85 × 105 L mol−1, respec-
tively. Due to a large overlap between the emission spectrum of TCPC and the absorption spectrum of cyt

dista
on w
luorescence spectroscopy c, and a short interaction
of TCPC upon complexati

. Introduction

There has been a growing interest in the development of syn-
hetic protein binding agents based on macrocyclic molecules to
dentify, inhibit, separate and/or functionally modify specific pro-
eins [1–3]. In recent years, Hamilton et al. [2,4] have developed
series of artificial protein binders, including those built by a cen-

ral calix[4]arene scaffold with peripheral groups of cyclic peptides,
cting as inhibitors to specific proteins. They also created a pattern-
ased detection approach for different proteins by using an array of
unctionalized porphyrins as fluorescent protein receptors, which
an be used for high-throughput proteomics, medical diagnostics,
nd bioterrorism applications in which multiple types of proteins
eed to be rapidly detected [5]. On the other hand, many synthetic
eceptors, particularly calixarene-based ones, have been found to
ossess excellent capabilities to solubilize, extract and separate
pecific proteins, as well as to improve the efficiency or modify the

unction of enzymes in organic media or ionic liquids. Shimojo et al.
6] reported that dicyclohexano-18-crown-6 enables transfer of cyt
into ionic liquids via supramolecular complexation, and the sol-
bilized cyt c was stable and showed peroxidase activity. Recently,

∗ Corresponding authors. Tel.: +86 351 7011322; fax: +86 351 7011322.
E-mail addresses: smshuang@sxu.edu.cn (S.M. Shuang), mswong@hkbu.edu.hk

M.S. Wong).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.007
nce (estimated to be 5.6 nm) between them, the fluorescence quenching
ith cyt c is attributed to an efficient energy transfer.

© 2009 Elsevier B.V. All rights reserved.

they found that denatured cyt c can be extracted from an urea solu-
tion into an organic solution containing calixarene derivatives and
can successfully regain its native structure through back-extraction
into a denaturant-free aqueous solution [7]. Oshima et al. [8–10]
have extracted and separated cyt c from water into organic sol-
vents via calixarene derivatives, and utilized one of them as mobile
carriers to continuous separation and transport of cyt c through a
liquid membrane.

Calix[n]arenes, consisting of phenol rings bridged by
methylenes, are one of the major classes of macrocyclic host
compounds in supramolecular chemistry [11,12]. Calix[n]arenes
possess a unique basketlike cavity that can be controlled by
changing the number of phenol units. To date, calix[4]arene
has been extensively used as a platform to construct synthetic
receptors because of its tunable and unique three-dimensional
structure together with the ease of functionalization [12–15].
However, there are few examples taking advantage of an extended
preorganized rigid platform of calix[4]arene for construction
of artificial receptors [16]. Besides the merit of improving the
encapsulation and recognition properties [17], the extended
calix[4]arene skeleton with �-conjugated units could act as a

chromophore or fluorophore. Based on a change in fluorescence
properties upon binding with a specific guest, chemical sensors
are developed and are considered particularly attractive because
they offer promise for high sensitivity at low analyte concentration
[18,19]. In present work, calix[4]arene carboxylphenyl derivatives



lanta 7

w
l
g
m
w
t
i
s
i
fl
p
a
c
t
s
b
r

c
c
m
t
c
p
a
r
c
t
fl
d
t
(
i
a
i
l
h
p
b
c
c

2

2

q
o
b
5
J

W.T. An et al. / Ta

ere designed and constructed by a calix[4]arene scaffold stabi-
ized in the cone conformation with tetra- or di-carboxylphenyl
roups born at the upper rim. Cytochrome c (cyt c) is one of the
ost thoroughly physicochemically characterized metalloproteins
ith a stable protein backbone and plays key roles in electron

ransfer and apoptosis [20]. As a highly basic protein (pI 9.79),
t possesses abundant positively charged residues on its exterior
urface. In addition, it has been shown that the unpaired electrons
n the ferro moiety could quench fluorescence upon binding to a
uorogenic receptor [21]. So cyt c represents an excellent model
rotein for an investigation of the interactions of proteins with
rtificial protein binding agents designed with the electrostatic
omplementary principle via fluorescence spectroscopy. Various
echniques [8,22–24], including circular dichroism, dynamic light
cattering and Langmuir film balance have been used to probe the
inding of calixarenes to proteins. However, there are only few
eports on this topic by using fluorescence method [5,25,26].

We have recently reported a preliminary findings on a
arboxylphenyl-substituted calix[4]arene derivative binding with
yt c and revealed the interaction mechanism by molecular
odeling studies [27]. Continuing on the thorough investiga-

ion of the binding properties of carboxylphenyl-substituted
alix[4]arene derivatives with cyto c, we herein report a com-
lete study including (i) the design rationale, detailed synthesis
nd full characterization of three calix[4]arene-based fluorescent
eceptors, tetrakis-carboxylphenylcalix[4]arene (TCPC), 1,3-bis-
arboxylphenylcalix[4]arene (BCPC), and a corresponding analogue
etrakis-phenylcalix[4]arene (TPC) (Fig. 1); (ii) the comparison of
uorescence behavior and binding affinity of these calix[4]arene
erivatives binding upon cyt c in dimethylformamide (DMF); (iii)
he mechanism of the fluorescence quenching upon binding; and
iv) the investigation of visible CD spectra of cyt c–TCPC complex
n DMF. The results of the present work suggest that TCPC exhibits

higher binding affinity towards cyt c in DMF, which highlights
ts potential application in chemoenzymatic synthesis to stabi-
ize proteins in organic media [28,29]. In addition, because of its
igh fluorescent nature and its efficient fluorescence quenching
roperty upon binding with specific proteins, this artificial protein
inder is anticipated to have widespread applications as a fluores-
ent detection tool e.g. fluorescent sensor for various proteins with
ation-rich surface.

. Experimental

.1. Apparatus

Fluorescence spectra were measured at 20 ± 1 ◦C in standard

uartz cells of 1 cm path length on a Hitachi F-4500 spectroflu-
rimeter equipped with a xenon lamp source and a thermostat
ath. Both of the excitation and emission bandwidths were set at
nm. Circular Dichroism (CD) measurements were carried out on a

asco J-810 spectropolarimeter. 1H NMR and 13C NMR spectra were

Fig. 1. The molecular structure
9 (2009) 54–61 55

recorded by a JEOL JHM-EX270 FT NMR or Varian INOVA-400 FT
NMR spectrometer. Mass spectroscopy measurements were carried
out by using fast atom bombardment (FAB) on the API ASTAR Pul-
sar I Hybrid Mass Spectrometer or matrix-assisted laser desorption
ionisation time-of-flight (MALDI-TOF) technique.

2.2. Reagents

Cytochrome c from bovine heart (C2037) was purchased from
Sigma and employed without further purification. Quinine sulfate
was of biochemical reagent grade and purchased from Shanghai
second reagent factory of China. All other reagents were of reagent
grade for synthesis or analytical reagent grade for spectroscopic
measurements and were used as received.

2.3. Preparation of TCPC and BCPC

The synthetic route is shown in Scheme 1. The
corresponding analogue 5,11,17,23-tetrakis(4-phenyl)-25,26,27,28-
tetrapropoxycalix[4]arene (TPC) was synthesized by the literature
procedure [30]. All characterization data of 1H NMR, 13C NMR and
MS for TCPC and BCPC are shown in Fig. S1–S5.

2.3.1. 5,11,17,23-Tetrakis(4-formylphenyl)-25,26,27,28-
tetrapropoxycalix[4]arene
(2)

To a 100-mL flask containing compound 1 (0.23 g, 0.25 mmol)
and 4-formylphenylboronic acid (0.23 g, 1.53 mmol) in 50 mL of
toluene was added Pd(OAc)2 (11 mg, 5 mol%), P(o-tol)3 (30 mg,
10 mol%), 8 mL of methanol and 3 mL of 2 M K2CO3. The mixture
was stirred at 75 ◦C under N2 overnight. After cooling to room
temperature, 20 mL of water was added. The reaction mixture was
acidified to pH 3–4 using 6 M HCl and then extracted by ethyl acetate
(20 × 3 mL). The combined organic phase was dried over anhy-
drous Na2SO4 and evaporated to dryness. The residue obtained was
purified by silica gel flash column chromatography using gradient
elution method with petroleum ether and ethyl acetate as eluent
affording a white solid (0.16 g, 64% yield). 1H NMR (400 MHz, CDCl3,
ı) 9.85 (s, 4H), 7.56 (d, J = 8 Hz, 8H), 7.22 (d, J = 8 Hz, 8H), 6.98 (s, 8H),
4.60 (d, J = 13.2 Hz, 4H), 3.97 (t, J = 7.2 Hz, 8H), 3.33 (d, J = 13.2 Hz,
4H), 1.96–2.04 (m, 8H), 1.06 (t, J = 7.2 Hz, 12H). 13C NMR (100 MHz,
CDCl3, ı) 191.7, 157.3, 146.7, 135.5, 134.4, 133.5, 129.9, 127.2, 126.7,
77.1, 31.3, 23.3, 10.3. MS (FAB) m/z 1008.1 [M+].

2.3.2. 5,11,17,23-Tetrakis(4-carboxylphenyl)-25,26,27,28-
tetrapropoxycalix[4]arene

(TCPC)

To a 100 mL flask containing 2 (0.2 g, 0.20 mmol) in 10 mL CHCl3
and 30 mL acetone was added 1 mL aqueous sulphamic acid (0.3 g,
3.1 mmol) and 1 mL aqueous sodium chlorite (0.28 g, 3.1 mmol). The
mixture was stirred at room temperature for 1 h and then evapo-

s of TCPC, BCPC and TPC.
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cheme 1. Synthesis of calix[4]arene carboxylphenyl derivatives TCPC and B
oluene/MeOH, 2 M K2CO3, 75 ◦C; (ii) NH2SO3H, NaClO2, acetone, r.t.; (iii) (a) n-buty

ated to dryness. The solid obtained was washed with water and
cetone affording a quantitative yield of TCPC as a white solid
0.20 g, 96% yield). 1H NMR (270 MHz, DMSO-D6, ı) 12.4 (b, 4H),
.65 (d, J = 8.1 Hz, 8H), 7.23 (d, J = 8.1 Hz, 8H), 7.06 (s, 8H), 4.44
d, J = 13.2 Hz, 4H), 3.90 (t, J = 7.0 Hz, 8H), 1.93–1.95 (m, 8H), 1.02
t, J = 7.3 Hz, 12H). 13C NMR (67.5 MHz, DMSO-D6, ı) 166.6, 156.3,
44.2, 134.8, 132.8, 129.3, 128.4, 126.6, 125.8, 76.4, 30.4, 22.9, 10.3.
S (FAB) m/z 1072.8 [M+]. HRMS (ESI-TOF) calcd. for C68H63O12

071.4320, found 1071.4285 [M−H]−.

.3.3. 5,17-Bisbromo-25,26,27,28-tetrapropoxycalix[4]arene (3)
In a flame dried 250 mL two-neck flask, compound 1 (1.8 g,

.98 mmol) in 100 mL anhydrous THF was added under N2
tmosphere. Then the solution was cooled to −78 ◦C in the dry-
ce and acetone bath, n-butyllithium (2.6 mL, 1.6 M in hexane) was
dded slowly by syringe. After stirring for 1 h, the solution was
urned from colourless to dark. The reaction mixture was kept stir-
ing for another 0.5 h after quenching 1 mL of methanol. Afterward,
he cooling bath was removed to allow warming to room temper-
ture and the reaction mixture was added with 20 mL of water.
he solution mixture was extracted with DCM (3 × 20 mL) and the
ombined organic phase was dried over anhydrous Na2SO4 and
vaporated in vacuum. The residue was purified by silica gel flash
olumn chromatography using CH2Cl2/petroleum ether as eluent
ffording 1.26 g of a white solid compound 3 with 85% of an isolated
ield. 1H NMR (270 MHz, CDCl3, ı) 6.75 (s, 4H), 6.62 (m, 6H), 4.38
d, J = 13.2 Hz, 4H), 3.81 (m, 8H), 3.10 (d, J = 13.2 Hz, 4H), 1.82–1.94
m, 8H), 0.93–1.00 (m, 12H). 13C NMR (67.5 MHz, CDCl3, ı) 156.1,
55.4, 137.0, 134.1, 130.5, 128.2, 122.2, 114.5, 76.8, 76.4, 30.8, 23.3,
3.1, 10.3, 10.2. MS (FAB) m/z 750.2 [M+].
.3.4.
,17-Bis(4-formylphenyl)-25,26,27,28-tetrapropoxycalix[4]arene
4)

In a 50 mL flask, compound 2 (0.19 g, 0.25 mmol), boronic acid
0.11 g, 0.76 mmol); Pd(OAc)2 (5.7 mg, 5% mmol), P(o-tol)3 (15 mg,
eagents and conditions: (i) 4-formylbenzeneboronic acid, Pd(OAc)2/P(o-tol)3,
m THF, −78 ◦C; (b) MeOH.

10% mmol), 10 mL toluene and 2 mL of 2 M K2CO3 were added. The
solution was stirred at 75 ◦C overnight. After quenching with water,
the pH value of the reaction mixture was adjusted to 3–4 by HCl
(6 M) then extracted with DCM (3 × 20 mL), organic phase was dried
over anhydrous Na2SO4, evaporated in vacuum. The crude product
was purified by silica gel flash column chromatography affording
0.091 g of a white solid of compound 4 with 45% yield. 1H NMR
(400 MHz, CDCl3, ı) 9.78 (s, 2H), 7.41 (d, J = 8.0 Hz, 4H), 7.00 (d,
J = 8.4 Hz, 4H), 6.90 (d, J = 7.6 Hz, 4H), 6.79 (t, J = 7.6 Hz, 2H), 6.70 (s,
4H), 4.52 (d, J = 13.2 Hz, 4H), 3.99 (t, J = 7.6 Hz, 4H), 3.82 (t, J = 7.2 Hz,
4H), 3.23 (d, J = 13.2 Hz, 4H), 2.03–1.91 (m, 8H), 1.07 (t, J = 7.2 Hz, 6H),
0.99 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3, ı) 191.8, 157.0,
156.8, 146.7, 135.6, 135.0, 134.1, 133.0, 129.6, 128.6, 126.7, 126.4,
122.2, 77.1, 76.7, 31.1, 23.4, 23.1, 10.5, 10.1. HRMS (MALDI-TOF) calcd.
for C54H56O6Na 823.3969, found 823.3942 [M+Na]+.

2.3.5. 5,17-Bis(4-carboxylphenyl)-25,26,27,28-
tetrapropoxycalix[4]arene
(BCPC)

In a 50 mL flask, compound 4 (0.06 g, 0.075 mmol) was dis-
solved in 10 mL CHCl3 and 30 mL acetone. Then NH2SO3H (64 mg,
0.66 mmol) in 1 mL water and NaClO2 (54 mg, 0.6 mmol) in
1 mL water were added. The solution was stirred for 4 h at
room temperature. After evaporating the solvent, residue was
washed with water, and then dried affording 56 mg of a white
product of BCPC in 90% yield. 1H NMR (400 MHz, CDCl3, ı)
7.46 (d, J = 8.4 Hz, 4H), 7.24 (d, J = 7.6 Hz, 4H), 7.05 (t, J = 7.2 Hz,
4H), 6.57 (d, J = 8.8 Hz, 4H), 6.37 (s, 4H), 4.52 (d, J = 13.2 Hz,
4H), 4.11 (t, J = 8.0 Hz, 4H), 3.70 (t, J = 6.8 Hz, 4H), 3.22 (d,
J = 13.2 Hz, 4H), 2.07–2.01 (m, 4H), 1.94–1.88 (m, 4H), 1.13 (t,

J = 7.2 Hz, 6H), 0.92 (t, J = 7.2 Hz, 6H). 13C NMR (100 MHz, CDCl3, ı)
172.8, 157.8, 155.7, 145.5, 136.9, 133.7, 133.2, 129.8, 129.1, 126.5,
126.1, 125.3, 122.2, 77.2, 76.6, 31.1, 23.5, 23.0, 10.8, 9.8. HRMS
(MALDI-TOF) calcd. for C54H56O8Na 855.3872, found 855.3870
[M+Na]+.
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and presence of cyt c in DMF. The maximum excitation and emis-
sion wavelengths are at 316 nm and 404 nm, respectively. With
increasing the concentration of cyt c, the fluorescence intensity
of TCPC decreased gradually. Meanwhile, the maximum emission
wavelength produced a small blue shift from 404 nm to 400 nm
W.T. An et al. / Ta

.4. Fluorescence spectra

The stock solutions of TCPC, BCPC and TPC, as well as cyt c were
repared in DMF and double distilled water, respectively. Double
istilled water was used throughout the work and all stock solutions
ere stored at 0–4 ◦C. A 0.5 �L stock solution (1.77 × 10−3 mol L−1)

f TCPC (or BCPC, TPC), was transferred into a 10 mL volumetric
ask then diluted to final volume with DMF and shaking thoroughly,
o which was added an appropriate amount of 1.73 × 10−3 mol L−1

yt c in double distilled water. The mixed solution was diluted to
nal volume with DMF, and the resulting solution was shaken thor-
ughly, and the fluorescence spectra were measured on a F-4500
pectrofluorimeter after standing for 30 min. All experiments were
arried out at 20 ± 1 ◦C. All the glassware including cuvette were
outinely washed in 1.0 M HNO3 and then rinsed with double dis-
illed water.

.5. Circular dichroism spectra

In CD spectra measurement, Soret region CD spectra
350–450 nm) of native cyt c in deionized water and of the
yt c–TCPC complex in DMF were obtained at 20 ◦C using a CD
pectropolarimeter (Jasco J-810). Measurement conditions were as
ollows:

[cyt c] = 10 �M and [TCPC] = 10 �M. The optical path length is
cm.

. Results and discussion

.1. Design and synthesis

The design rationales for carboxylphenylcalix[4]arene deriva-
ives are as follows: (i) the incorporation of carboxyl functional
roups is to provide anionic ligating sites for complement bind-
ng of the cationic surface of cyt c as electrostatic interaction is
ne of the important and strong binding interactions of synthetic
eceptors with cyt c [2,7–10]. The more the carboxyl ligating groups
he receptor bears, the stronger binding affinity it possesses. So
he order of the binding affinity would be TCPC > BCPC > TPC. (ii)
he donor–acceptor type bi-phenyl structure motif would endow
he calix[4]arene derivatives with strong fluorescence property
31–33], and would have the merit of exhibiting an efficient Förster
esonance energy transfer (FRET) based on the quenching of flu-
rescence upon binding to proteins, which makes the utilizing
f sensitive fluorescence methods to examine interactions of the
alix[4]arenes with cyt c possible. The subsequent results indicate
hat the above design aims are achieved, and TCPC indeed has the
ighest binding affinity to the targeted protein.

The syntheses of TCPC and BCPC are summarized in Scheme 1.
he extended arylcalix[4]arene skeleton was constructed by a
onvergent approach using palladium catalyzed Suzuki cross-
oupling of arylboronic acid and tetrabromocalix[4]arene as

key step [33]. 5,11,17,23-Tetrakis(4-formylphenyl)-25,26,27,28-
etrapropoxycalix[4]arene 2 was obtained by Suzuki cross-coupling
f 4-formylbenzeneboronic acid with 5,11,17,23-tetrakisbromo-
5,26,27,28-tetrapropoxycalix[4]arene, 1, which were prepared by
he well developed procedures [31], affording 64% yield. Alde-
yde 2 was oxidized by sodium chlorite at room temperature
iving TCPC in a quantitative yield. BCPC was synthesized using
similar protocol. Lithium-bromide exchange of 1 using n-BuLi
t −78 ◦C followed by quenching with methanol afforded 5,17-
isbromo-25,26,27,28-tetrapropoxycalix[4]arene, 3, in good yield
85%). Suzuki cross-coupling of 4-formylbenzeneboronic acid and

using the typical coupling procedure afforded the desired
,17-bis(4-formylphenyl)-25,26,27,28-tetrapropoxycalix[4]arene 4
9 (2009) 54–61 57

which was oxidized accordingly to BCPC. The newly synthe-
sized carboxylphenyl-substituted calix[4]arenes TCPC and BCPC,
and the corresponding analogue, 5,11,17,23-tetrakis(4-phenyl)-
25,26,27,28-tetrapropoxycalix[4]arene synthesized by the litera-
ture procedure [30] for comparison, were fully characterized by
1H NMR, 13C NMR, and low/high-resolution mass spectroscopy and
found to be in good agreement with the expected structures.

3.2. Comparison of the binding affinity of TCPC, BCPC and TPC to
cyt c

TCPC, with an aryl-extended calix[4]arene framework and end-
functionalized by four carboxylic acid groups on the upper rim, was
designed and synthesized for the first time for binding to cyt c. Addi-
tion of cyt c to the solution containing TCPC or BCPC resulted in the
fluorescence quenching of the arylcalix[4]arene which is due to the
formation of complex between them. In contrast, the titration of TPC
with cyt c showed almost no quenching in the same concentration
range used for TCPC or BCPC titration, indicating the absence of a
specific binding. The results of the fluorescence titration of TCPC,
BCPC and TPC by cyt c are shown in Fig. 2 via the least-squares fit
of the experimental data.

TCPC binds to cyt c with the binding constant (Ka)
of (3.15 ± 0.47) × 106 L mol−1 and Ka for BCPC with cyt
c = (5.85 ± 1.30) × 105 L mol−1 which is approximately one-fifth of
that of TCPC. For TPC without carboxyl functional groups, there is
almost no specific binding observed. As shown in Fig. 2, the marked
difference in the binding affinity to cyt c, that is in the order of
TCPC > BCPC � TPC, was achieved just by tuning the number of car-
boxyl ligating groups at the upper rim of the phenylcalix[4]arenes.
All of these evidences indicate the importance of the carboxyl
ligating groups (or in turn the electrostatic interactions) for the
formation of stable complexes of calix[4]arene-based receptors
with cyt c. Importantly, TCPC was identified as the best synthetic
receptor for cyt c among the three calix[4]arene derivatives.

3.3. Mechanism of fluorescence quenching of TCPC binding upon
cyt c

Fig. 3 shows the fluorescence spectra of TCPC in the absence
Fig. 2. Fluorescence quenching of TCPC, BCPC, TPC upon addition of cyt c in DMF.
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Fig. 3. The fluorescence spectra of TCPC in different concentrations of cyt c in
DMF at �ex = 316 nm and �em = 404 nm. The concentrations of cyt c (mol L−1): (1)
0 −7 −7 −7 −7 −6

(
(
c

a
f
T
b

b
a
t
T
t
h
p
T
t
q
w
o
a
o

F
3

; (2) 1.73 × 10 ; (3) 3.46 × 10 ; (4) 6.34 × 10 ; (5) 9.23 × 10 ; (6) 1.21 × 10 ;
7) 1.79 × 10−6; (8) 2.36 × 10−6; (9) 2.94 × 10−6; (10) 3.52 × 10−6; (11) 4.67 × 10−6;
12) 5.82 × 10−6. The inset shows the Job’s plot of TCPC and cyt c. The total mole
oncentration of TCPC and cyt c is 1 × 10−6 mol L−1.

nd the corresponding excitation wavelength is red-shifted slightly
rom 316 nm to 318 nm. Such a strong fluorescence quenching of
CPC suggests that the intermolecular energy transfer may occur
etween TCPC and cyt c.

It is well known that the fluorescence quenching can be caused
y a static or a dynamic quenching process, both of them result in
similar linear Stern–Volmer plot. However, they can be differen-

iated by the difference in the temperature dependence property.
he higher the temperature, the faster is the diffusion and hence
he greater extent of dynamic quenching is. In another case, the
igh temperature enhances the dissociation of weakly bound com-
lexes, which results in the lesser extent of the static quenching.
he Stern–Volmer plots of TCPC with cyt c at different tempera-
ures, i.e. 25 ◦C, 30 ◦C and 40 ◦C, as shown in Fig. 4, disclose the
uenching mechanism. Because the slopes of the plots decrease

ith the increase of temperature, the static quenching interaction

f TCPC with cyt c is evident. In order to further confirm the mech-
nism, the dynamic quenching constant calculations were carried
ut.

ig. 4. The Stern–Volmer plots for the quenching of TCPC by cyt c in DMF at 25 ◦C,
0 ◦C and 40 ◦C.
Fig. 5. Binding constants and binding sites of TCPC with cyt c in DMF calculated by
static quenching equation.

The dynamic quenching process can be described by the
Stern–Volmer equation [34]:

F0

F
= 1 + Ksv[Q ] = 1 + Kq�0[Q ]. (1)

where F and F0 are the fluorescence intensities in the presence
and absence of a quencher, respectively. Ksv, Kq, �0 and [Q] denote
dynamic quenching constant, quenching rate constant, typical life-
time of fluorophore and concentration of quencher, respectively.

According to Eq. (1), the dynamic quenching constants at
25 ◦C, 30 ◦C and 40 ◦C were estimated to be (1.32 ± 0.03) × 106,
(9.77 ± 0.24) × 105 and (7.55 ± 0.28) × 105 L mol−1, respectively. In
general, the dynamic quenching constant should be less than
100 L mol−1. As a result, the dynamic quenching is further excluded.
In addition, all the findings consistently affirmed that the quench-
ing is originated from the formation of a complex of TCPC with cyt
c.

The static quenching process can be described by the equation
[35]:

F0 − F

lg

F
= lgKA + nlg[Q ] (2)

where F0 and F are the fluorescence intensities in the absence and
presence of quencher, respectively. KA, n and [Q] are the binding
constant, binding site and concentration of quencher, respectively.

Fig. 6. Binding constants and binding sites of TCPC with cyt c in DMF calculated by
non-linear fitting equation.
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q. (2) is built on two assumptions: (i) the stoichiometry of
ost:guest in a complex is 1:n, and (ii) the complexation between
he host (fluorophore) and guest (quencher) is a static quenching
rocess [34].

From a plot of lg F0 − F/F versus the lg[Q] shown in Fig. 5, the
inding constants KA and binding sites n can be conveniently
erived from the plots at various temperatures. The plots exhibit
ood linearity and the values of the binding site of TCPC with cyt c
ere 1.2067, 1.2217 and 1.1472 at 25 ◦C, 30 ◦C and 40 ◦C, respectively,

nd the 1:1 stoichiometry was further confirmed by the continuous
olar variation (Job’s) plots (inset in Fig. 3).
In addition, the binding constant can also be determined by the

on-linear curve fitting analysis using the fluorescence titration
ata (shown in Fig. 6). The equation used for the non-linear curve
tting analysis is as follows [36,37]:

F = 1
2

{
˛

(
[H]0 + [G]0 + 1

K

)

−
√

˛2
(

[H]0 + [G]0 + 1
K

)2
− 4[H]0[G]0˛2

}
(3)

here [H]0, [G]0 is the initial concentration of TCPC and cyt c,
espectively. �F denotes the change of the fluorescence intensity
f TCPC upon an addition of cyt c. ˛ is a sensitive factor of the struc-
ure change of complexation composed of TCPC with cyt c at the
nteractive course. K is the association constant. Except the assump-
ion that the host and guest forms a 1:1 complex, there is not any
heoretical approximation treatment in the curve fitting method
escribed by Eq. (3), and the results (KA) obtained from Eq. (3)
hould be closer the true value than that from Eq. (2). Table 1 sum-
arizes the binding constants of TCPC with cyt c at 25 ◦C, 30 ◦C and

0 ◦C determined by Eqs. (2) and (3), respectively. Interestingly, the
inding constants of TCPC–cyt c complex are remarkably large at
ll the measured temperatures, which suggest that there are strong
nteractions of TCPC with cyt c.

Under the same conditions as that of TCPC, the binding behavior
◦
f BCPC with cyt c (≤25 C) was monitored by fluorescence spec-

roscopy. As shown in Fig. 7, the maximum excitation and emission
avelengths of the fluorescence spectra of BCPC in the absence of

yt c in DMF are at 312 nm and 385 nm, respectively. With increas-
ng the concentration of cyt c, the fluorescence intensity of BCPC

ig. 7. The fluorescence spectra of BCPC in different concentrations of cyt c in DMF
t �ex = 312 nm and �em = 385 nm. The concentrations of cyt c (mol L−1): (1) 0; (2)
.73 × 10−7; (3) 3.46 × 10−7; (4) 6.34 × 10−7; (5) 9.23 × 10−7; (6) 1.21 × 10−6; (7)
.79 × 10−6; (8) 2.36 × 10−6; (9) 2.94 × 10−6; (10) 3.52 × 10−6; (11) 4.67 × 10−6; (12)
.82 × 10−6.
9 (2009) 54–61 59

decreased gradually. Meanwhile, the maximum emission wave-
length produced a small red shift from 385 nm to 388 nm and the
corresponding excitation wavelength is red-shifted slightly from
312 nm to 316 nm. The quenching of the fluorescence of BCPC upon
an addition of cyt c suggests that the interaction appeared between
them. The binding constant of BCPC with cyt c at 25 ◦C estimated
by Eq. (3) is listed in Table 1. When we performed the ascending
temperature experiment to examine the quenching mechanism,
it was found that the fluorescent behaviors of this system were
irregular, suggesting that the interaction of BCPC with cyt c may be
destroyed by the enhanced molecular thermodynamic-motion. The
lower stability of the complex could originate from the structure of
BCPC, where there are two carboxylphenyl ligating groups less than
TCPC resulting in the weaker electrostatic interactions between the
cationic protein and the higher conformationally flexible BCPC.

3.4. Energy transfer between TCPC and cyt c

Based on the Förster resonance energy transfer (FRET) theory
[34], the energy transfer will occur under the following conditions:
(1) the donor can emit fluorescence; (2) the emission spectrum of
the donor and the absorption spectrum of the acceptor overlap to
each other; and (3) the distance between the donor and the acceptor
is shorter than 7 nm. The large spectral overlap between the emis-
sion spectrum of the donor TCPC and the absorption spectrum of
the acceptor cyt c (see Fig. 8) indicates the efficient energy transfer
may occur between them and lead to the fluorescence quenching
of TCPC.

According to FRET theory, the energy transfer efficiency (E) is
related not only to the distance between the donor and the acceptor
(r0), but also to the critical energy transfer distance (R0) when the
transfer efficiency is 50%, that is

E = (R0)6

(R0)6 + (r0)6
(4)

R0 can be obtained by

(R0)6 = 8.8 × 10−25K2N−4˚J. (5)

where K2 is the spatial orientation factor of the dipole, N the refrac-
tive index of the medium, ˚ the fluorescence quantum yield of the
donor, J the overlap integral of the fluorescence emission spectrum

of the donor and the absorption spectrum of the acceptor. Therefore,

J =
∑

F(�)ε(�)�4��∑
F(�)��

(6)

Fig. 8. Overlap of the fluorescence emission spectrum of TCPC (1) and the absorption
spectrum of cyt c (2).
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Table 1
Binding constants of TCPC/BCPC with cyt c.

T (◦C) TCPC BCPC

KA (10−7 L mol−1) R KA
′ (10−6 L mol−1) R2 KA

′ (10−5 L mol−1) R2

25 1.916 0.9908 3.15 ± 0.47 0.9968 5.85 ± 1.30 0.9893
3 0.63
4 0.09

N

w
a
w

b
a
w
a
w
a
t
t
a
p
5

E

w
i

b
f
f
a

3

s
U
2
s
s

F
l

0 1.5136 0.9972 0.98 ±
0 0.4365 0.9976 0.87 ±
otes: KA and KA

′ were obtained by Eqs. (2) and (3), respectively.

here F(�) is the fluorescence intensity of the fluorescence donor
t wavelength �, and ε(�) the molar absorptivity of the acceptor at
avelength �.

According to Eq. (6), J = 1.32 × 10−13 cm3 L mol−1 was evaluated
y integrating the overlap of the emission spectrum of the donor
nd the absorption spectrum of the acceptor from 340–500 nm
ith 2 nm wavelength step. The other parameters in Eq. (5) are

s follows: (i) the refraction index N = 1.336 is the average value of
ater and organism; (ii) the directional factor K2 = 2/3 is the aver-

ge value of the donor–acceptor in every direction randomly; (iii)
he quantum yield of TCPC ˚ = 0.45 under the experimental condi-
ions is determined by a relative method [38] using quinine sulfate
s a standard substance (˚313 = 1.00 [39]). By substituting all the
arameters in Eq. (5), the critical distance R0 is estimated to be
.71 nm.

The energy transfer efficiency, E, is given by

= 1 − F

F0
(7)

here F0 and F represent the fluorescence intensities of the donor
n the absence and presence of the acceptor, respectively.

Finally, the donor–acceptor distance r0 = 5.60 nm is determined
y the Eq. (4) based on the energy transfer efficiency E obtained
rom Eq. (7). Obviously, the r0 value is smaller than 7 nm, which
urther confirms that the efficient energy transfer between TCPC
nd cyt c occurred leading to the fluorescence quenching of TCPC.

.5. Visible CD spectra of cyt c–TCPC complex in DMF

Circular dichroism (CD) spectra were measured for examining

tructural changes of cyt c complexed with TCPC in DMF. The far-
V CD spectrum of native cyt c shows negative bands at around
22 nm (n–�* amide transitions) and 208 nm (�–�* amide tran-
itions), which is typical of proteins containing mainly �-helical
tructure [40]. Unfortunately, we could not take an accurate mea-

ig. 9. CD spectra (350–450 nm) of cyt c: broken line, cyt c (10 �M) in water; solid
ine, cyt c with TCPC (10 �M) in DMF.
0.9905 – –
0.9962 – –

surement of the far-UV CD spectrum in the �-helix region for the
cyt c–TCPC complex, because of the strong background signals of
DMF due to the intensive absorption of the solvent in the ultravi-
olet region. However, the measurable CD spectrum in Soret region
can provide some insight into the structural changes of the heme
cleft. Optical activity in the Soret region of heme proteins is gener-
ated through the coupling of heme �–�* electric dipole transition
moments with those of nearby aromatic residues in the protein [7].
Fig. 9 shows the Soret region CD spectra (from 350 nm to 450 nm)
of native cyt c in aqueous solution, and that of the cyt c–TCPC com-
plex in DMF. A negative (414 nm) peak and positive (403 nm) peak
produced due to a split Cotton effect are observed for native cyt
c. In the cyt c–TCPC complex in DMF, the CD spectrum is charac-
terized by the disappearance of the negative Cotton effect with a
concomitant increase in the intensity of the positive Cotton effect
at 405 nm. These changes indicate a change in heme-polypeptide
interactions in the vicinity of the heme active site and an increase
in the planarity of the ferric heme moiety [40].

4. Conclusions

In summary, two novel carboxylphenyl-modified calix[4]arenes,
TCPC and BCPC, as well as a corresponding analogue, TPC, have been
synthesized by palladium-catalyzed Suzuki cross-coupling of aryl-
boronic acid and tetrabromocalix[4]arene as a key step. Among the
three extended calix[4]arene derivatives, TCPC shows the highest
affinity to cyt c, which reflects a clear dependence of the num-
ber of carboxyl groups attached to the molecule. The stable 1:1
complexes of TCPC and BCPC with cyt c were evidenced with the
binding constants of 3.15 × 106 and 5.85 × 105 L mol−1, respectively.
The fluorescence quenching of TCPC upon complexation with cyt c
is attributed to an efficient energy transfer. The results suggest that
TCPC not only has a potential application in chemoenzymatic syn-
thesis to stabilize proteins in organic media due to its higher binding
affinity to cyt c in DMF, but also is expected to have widespread
applications as a fluorescent sensors for various proteins with
cation-rich surface because of its high fluorescent nature and its
efficient fluorescence quenching property upon binding with spe-
cific proteins.
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a b s t r a c t

A simple, sensitive and powerful on-line sequential injection (SI) dispersive liquid–liquid microextraction
(DLLME) system was developed as an alternative approach for on-line metal preconcentration and sepa-
ration, using extraction solvent at microlitre volume. The potentials of this novel schema, coupled to flame
atomic absorption spectrometry (FAAS), were demonstrated for trace copper and lead determination in
water samples. The stream of methanol (disperser solvent) containing 2.0% (v/v) xylene (extraction sol-
vent) and 0.3% (m/v) ammonium diethyldithiophosphate (chelating agent) was merged on-line with the
stream of sample (aqueous phase), resulting a cloudy mixture, which was consisted of fine droplets of the
extraction solvent dispersed entirely into the aqueous phase. By this continuous process, metal chelating
complexes were formed and extracted into the fine droplets of the extraction solvent. The hydropho-
bic droplets of organic phase were retained into a microcolumn packed with PTFE-turnings. A portion
of 300 �L isobutylmethylketone was used for quantitative elution of the analytes, which transported

directly to the nebulizer of FAAS. All the critical parameters of the system such as type of extraction sol-
vent, flow-rate of disperser and sample, extraction time as well as the chemical parameters were studied.
Under the optimum conditions the enhancement factor for copper and lead was 560 and 265, respectively.
For copper, the detection limit and the precision (R.S.D.) were 0.04 �g L−1 and 2.1% at 2.0 �g L−1 Cu(II),
respectively, while for lead were 0.54 �g L−1 and 1.9% at 30.0 �g L−1 Pb(II), respectively. The developed
method was evaluated by analyzing certified reference material and applied successfully to the analysis

ampl
of environmental water s

. Introduction

In recent years, pollution of the environment by large amount
f toxic elements has been considered as a result of human activ-
ties. Exposure to these toxic elements imposes risks not only to
uman health, but also to plants, animals and microorganisms
1]. Therefore, the determination of various toxic metals such as
ead and copper in environmental samples is very important task.
espite its significant analytical capabilities for metal determina-

ion, flame atomic absorption spectrometry (FAAS) often requires a
uitable sample pretreatment step (preconcentration and/or sep-
ration), due to analyte low concentration and matrix effects

2,3].

Conventional liquid–liquid extraction (LLE) is the most widely
sed sample pretreatment technique in routine analyses for trace
etal determination due to its simplicity and adaptability. How-

∗ Corresponding author. Tel.: +30 2310997826; fax: +30 2310997719.
E-mail address: anthemid@chem.auth.gr (A.N. Anthemidis).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.005
es.
© 2009 Elsevier B.V. All rights reserved.

ever, some shortcomings like the use of large sample volumes and
toxic organic solvents make LLE expensive, time-consuming, labo-
rious and environmentally unfriendly. Sample pretreatment still
remains to be the bottleneck for a large number of analytical proce-
dures and often the one, which seriously hinders automation and
miniaturization. The implementation of on-line LLE simulating the
same sequences performed in batch procedures, offers advantages
which are inherent in automatic methods [3]. Recently, efforts have
been focused on the miniaturizing of the LLE procedure by reducing
the organic solvent, leading to the development of microextraction
methodologies [4,5].

The first attempt to miniaturize LLE in a flowing stream assem-
bly was carried out by Liu and Dasgupta [6], while further research
led to the development of the so-called single-drop microextrac-
tion (SDME) where a droplet of organic solvent was suspended

at the tip of a microsyringe needle and immersed into the aque-
ous sample [7]. Psillakis and Kalogerakis [8] and recently Xu et
al. [9] overviewed the principles of SDME as well as its latest
developments and applications. An automatic sequential injection
single-drop microextraction (SI-SDME) system for metal deter-
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Fig. 1. Schematic manifold for SI-DLLME metal determination by FAAS (step 4). For
A.N. Anthemidis, K.-I.G. Ioa

ination in environmental samples using ETAAS was developed
ecently by our group [5]. Cloud point extraction (CPE) proce-
ure is based on the phase separation, which occurs in aqueous
olutions of non-ionic surfactants, when heated above the so-
alled cloud point temperature. At this temperature the initial
olution separates into a surfactant rich phase of small volume
ontaining the metal trapped by organized structures and a bulk
queous phase [10]. The principles and theoretical aspects as well
s relevant applications regarding the use of micelle-mediated sep-
ration have been well documented in various interesting reviews
11,12].

On the other hand, homogeneous liquid–liquid extraction
HLLE) is a simple and powerful preconcentration technique for
rganic and inorganic analytes, which utilizes the phase separa-
ion from a homogeneous solution where no interface between the
queous phase and organic solvent phase exist and the analytes are
xtracted into the sedimented phase. It can be considered that the
urface area of the interface is infinitely large. Hence, vigorous shak-
ng or mixing is not necessary. Generally, HLLE has been applied
hrough two different modes: by the perfluorinated surfactant sys-
em [13–15] and the ternary component solvent one [16,17,18,19].
n these cases, phase separation is based on pH, on ion-pair forma-
ion or on the solubility difference among the solvents of a ternary
ystem.

Recently, Assadi and coworkers [20] presented a microextrac-
ion technique, termed dispersive liquid–liquid microextraction
DLLME) based on ternary component solvent systems, similar
o HLLE and CPE. An appropriate mixture of an extraction sol-
ent and a disperser solvent with high miscibility in both aqueous
hase and extractant is rapidly injected into the sample (aqueous
hase) using a microsyringe. By this procedure a cloudy solution
high turbulence) is produced, which is consisted of fine droplets
f extraction solvent dispersed throughout the aqueous sample.
he nature of the disperser solvent can also have an influence
n the mean droplet size and their distribution. After centrifug-
ng of the cloudy solution, the sedimented phase at the bottom
f a conical tube is removed manually by a syringe and ana-

yzed by various analytical techniques like gas chromatography
GC) [21,22], high-performance liquid chromatography (HPLC) [23],
lectrothermal atomic absorption spectrometry (ETAAS) [24–27]
nd FAAS [28,29]. DLLME has been applied for preconcentration
nd determination of organic compounds as well as for metals
24–29] and metalloids [30] in water samples. The principal advan-
age of DLLME is that the surface area between extraction solvent
nd aqueous sample is very large, thus the equilibrium state is
chieved quickly and the extraction time is very short. However,
hen DLLME is performed in manual mode, is limited to a small
umber of extraction solvents, since the required conditions, i.e.
o have higher density rather than water, to form a stable cloudy
olution and to be easily removed from the bottom of the conical
ial after centrifugation, are met by a few organic solvents [31].
lso it suffers from the inherent problems of the manual proce-
ures.

The aim of present work was to develop a novel auto-
atic sequential injection dispersive liquid–liquid microextraction

SI-DLLME) system for metal preconcentration and determina-
ion using FAAS. To best of our knowledge, the automation
f the DLLME was demonstrated for the first time. The effec-
iveness and efficiency of the proposed SI-DLLME system has
een demonstrated for copper and lead determination in envi-
onmental water samples. Ammonium diethyldithiophosphate

DDPA) was selected as chelating agent due to its good selectiv-
ty in strong acidic medium. All main factors were investigated
nd optimized. The proposed method was evaluated by analyz-
ng certified reference material and spiked environmental water
amples.
details see text and Table 1. S, sample; MeOH, solution containing 2.0% (v/v) xylene
and 0.3% (m/v) DDPA; W, waste; P, peristaltic pump; SP, syringe pump; MV, multi-
position valve; IV, injection valve in “load” position; V, valve in “out” position; HC,
holding coil; C, microcolumn; CC, confluence connector.

2. Experimental

2.1. Instrumentation

The manifold and its operation for on-line sequential injection
dispersive liquid–liquid microextraction (SI-DLLME) metal deter-
mination by FAAS is presented schematically in Fig. 1.

A FIAlab®-3000 sequential injection system (Alitea FIAlab, USA)
equipped with an internally incorporated six-port multiposition
valve (MV) and a syringe pump (SP, Cavro, Sunnyvale, CA) with
a capacity of 1000 �L was adopted. The FIAlab®-3000 system
was controlled by a personal computer and the FIAlab for win-
dows v. 5.9.245 application software, written by FIAlab instruments
(http://www.flowinjection.com).

A PerkinElmer, Norwalk, Connecticut, U.S.A. (http://las.
perkinelmer.com) model 5100 PC flame atomic absorption
spectrometer was exploited as detection system. Copper hollow
cathode lamp (HCL) and lead electrodeless discharge lamp (EDL)
was used as light source operated at 15 and 10 W, respectively.
The slit was set at 0.7 nm, while the wavelength was set at 324.7
and 283.3 nm resonance line for copper and lead, respectively. A
time-constant of 0.2 s was used for peak height evaluation. The
flame conditions were adjusted to be slightly leaner than the
recommended by the manufacturer, in order to compensate the
effect of organic solvent isobutyl methyl ketone (IBMK), which
serves as an additional fuel. The air and acetylene flow-rate
were 10.0 and 0.9 L min−1, respectively. By these conditions the
nebulizer’s free uptake rate was 5.6 mL min−1. A flow spoiler
was employed inside the spray chamber for better nebulization
conditions.

A PerkinElmer Norwalk, Connecticut, U.S.A. model FIAS-400
flow injection analysis system was coupled to FAAS and SI system
for automatic processing of the whole procedure. The FIAS-400
system was controlled by a personal computer and the AA Lab.
Benchtop version 7.2 software program. The two programs (FIAlab
and AA Lab.) were synchronized and activated in the same time.

The FIAS-400 system consisted of two peristaltic pumps (only one
was used in the proposed manifold) and a 5-port 2-position injec-
tion valve, IV. The connecting tubing between the IV and the FAAS
nebulizer was as short as possible PTFE tube (20 cm length, 0.5 mm
i.d.).
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Table 1
Operational sequence of the SI-DLLME–FAAS on-line preconcentration method for copper and lead determination (for manifold details, see Fig. 1).

Step V position MV position SP flow-rate SP operation IV position P operation Commentary

1 IN 2 50 �L s−1 Aspirate 200 �L Load OFF Water into SP
2 OUT 2 3 �L s−1 Aspirate 5 �L Load OFF Segment of air into HC
3 OUT 3 30 �L s−1 Aspirate 770 �L Load OFF Disperser solvent into HC
4 OUT 4 6 �L s−1 Dispense 720 �L Load ONa Cloudy solution formation/Extraction (120 s)/retention
5 OUT 1 20 �L s−1 Dispense 200 �L Load OFF Discard of air segment
6 IN 1 50 �L s−1 Aspirate 600 �L Load OFF Water into SP
7 OUT 6 30 �L s−1 Aspirate 300 �L Load OFF IBMK into HC
8 OUT 5 50 �L s−1 Dispense 600 �L Elution OFF Elution of microcolumn/measurement

Elutio
Elutio
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9 OUT 6 50 �L s−1 Aspirate 500 �L
10 OUT 4 50 �L s−1 Empty

a Sample propulsion with flow-rate, 6.0 mL min−1; V, valve; MV, multiposition va

The microcolumn for retention of the extraction solvent, which
ncludes the derivative chelate complex M–DDPA, was fabricated by
rmly packing 180 mg of PTFE-turnings in a piece of narrow PTFE
ube (40 mm length, 2.1 mm i.d./3.2 mm o.d.). PTFE-turnings were

echanically produced in our laboratory by lathe as described else-
here [32] and the image of turnings has been given previously

33]. The PTFE-turnings were washed thoroughly by ethanol fol-
owed by 1 mol L−1 HNO3 and de-ionized water. The performance
f the column was stable for at least 1000 cycles.

A VICI AG (Valco International) four-section “cross” type conflu-
nce connector made of PEEK, with 0.5 mm i.d. bore size was used
or intermixing of aqueous (sample) and organic phase (methanol
lus xylene). An Orion EA940 pH-meter was employed for the pH
easurements being defined by NIST buffers.

.2. Reagents and samples

All chemicals were of analytical reagent grade and were pro-
ided by Merck (Darmstadt, Germany, http://www.merck.de).
ltra-pure quality water was used throughout which was
roduced by a Milli-Q system (Millipore, Bedford, USA,
ttp://www.millipore.com). All standard solutions were pre-
ared immediately before use, by stepwise dilution of 1000 mg L−1

u(II) and Pb(II) stock standard solution in HNO3 0.5 mol L−1

Merck Titrisol) to the required sub-�g L−1 levels. The chelating
gent, 0.3% (m/v) ammonium DDPA solution was prepared daily
y dissolving appropriate amount of DDPA (Aldrich) in methanol
ithout any further purification. IBMK was previously saturated
ith ultra-pure water.

Natural water samples were filtered through 0.45 �m mem-
rane filters and acidified to 0.05 mol L−1 HNO3 (pH ∼ 1.4).

.3. Procedure

The operation steps of the optimized on-line sequential injection
ispersive liquid–liquid microextraction method (SI-DLLME–FAAS)
or copper and lead determination are summarized in Table 1.

In step 2 and 3 segments of air and disperser solution (methanol
ontaining 2.0% (v/v) xylene and 0.3% (m/v) DDPA) at volumes of 5
nd 770 �L, respectively were aspirated into the holding coil (HC). In
tep 4 (Fig. 1), peristaltic pump (P) is activated in order to transport
he sample towards the microcolumn (C) through the confluence
onnector (CC). In the same time syringe pump (SP) dispense the
isperser solution through the port 4 of MV towards microcolumn
hrough also CC. Hence, the disperser solution was injected into
he moving sample solution, resulting thus a cloudy solution of fine

roplets of extraction solvent (xylene). Under these conditions the
etal complexes were extracted continuously from aqueous phase

o organic phase (xylene). The extraction procedure performed for
20 s (extraction time). Meanwhile, the xylene droplets, which con-
ain the metal complexes, were retained on the PTFE-turnings into
n OFF IBMK into HC
n OFF Washing of manifold

, syringe pump; IV, injection valve; P, peristaltic pump.

the microcolumn (C). In step 8, the injection valve (IV) was switched
to the “Elution” position, so that the segment of 300 �L of IBMK
was delivered through the microcolumn in order to elute the ana-
lyte. The eluent forwarded to the FAAS nebulizer for atomization
and measuring. During the next steps a completed washing of the
manifold were done. Five replicate measurements were made in all
instances.

3. Results and discussion

For higher sensitivity, selectivity and precision for metal deter-
mination with the SI-DLLME method, the effect of the main
parameters, like the type of disperser and extraction solvent, sam-
ple and disperser flow-rate, sample acidity, amount of chelating
agent, sample ionic strength and extraction time, were studied
and optimized thoroughly. Standard aqueous solutions 10.0 �g L−1

Cu(II) and 100.0 �g L−1 Pb(II) in pH ∼ 1.4 were used for the following
experiments. In order to obtain effective microcolumn elution and
atomization, a segment of 300 �L IBMK at 3.0 mL min−1 flow-rate
was used in any case, as they were optimized during preliminary
experiments.

3.1. Effect of extraction solvent type and concentration

The selection of an appropriate organic solvent for SI-DLLME
is very important task. It should able to form a cloudy solution
system with water and disperser solvent. Also it should have
highly immiscibility with aqueous phase (sample solution), high
extraction efficiency, selectivity and hydrophobicity. Opposition
to conventional (off-line) dispersive liquid–liquid microextraction
systems, extraction solvent was not necessary to have higher den-
sity than water, due to the fact that the formation of the cloud
solution took place in a moving stream and the retention of the
extraction droplets on PTFE-turnings was based on its hydropho-
bicity. It means that the separation of the organic phase is based
on the retention and not on the centrifuging. Chloroform, carbon
tetrachloride, dichloromethane, hexane, benzene, xylene, toluene,
IBMK, di-isobutyl ketone (DIBK) were compared in the extraction
of copper and lead. The concentration of the examined extraction
solvents in methanol was fixed at 2.0% (v/v). The obtained results of
relative absorbance of copper and lead together with the solubility
“in water” values of the extraction solvents, are given in Table 2.
The results revealed that xylene achieved the highest extraction
efficiency and therefore selected as optimum for all further exper-
iments.

The concentration of the extraction solvent in methanol affects

positively the volume of the droplets. On the other hand an incre-
ment in the droplets results in lower preconcentration factor, due
to lower volume-ratio of aqueous to organic phase. In addition the
volume of extraction solvent can affect the retention processes and
finally the enhancement factor. The effect of the xylene concentra-
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Table 2
Extraction efficiency of various extraction solvents (2.0%, v/v in methanol) for Cu(II)
and Pb(II) determination by SI-DLLME–FAAS.

Extraction solvent Solubility in water, % (m/m) Relative absorbance, %

Cu(II) Pb(II)

Chloroform 0.82 44 46
Carbon tetrachloride 0.08 86 89
Dichloromethane 1.60 32 35
Hexane 0.005 76 75
Benzene 0.18 60 58
Xylene 0.02 100 100
Toluene 0.05 94 91
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BMK 1.91 24 28
IBK 0.05 97 96

ion on the absorbance was studied from 0.5 to 8.0% (v/v) and the
esults are illustrated in Fig. 2. Relative absorbance remained almost
onstant for xylene concentration from 0.5% up to 2.0%, while for
igher concentrations it was gradually decreasing. In the absent
f xylene the recorded absorbance was insignificant indicating that
he retention of the metal complex on the column was not achieved,
ue to the presence of MeOH.

For better precision and higher enrichment factors a xylene con-
entration of 2.0% (v/v) was chosen as optimum for the following
xperiments.

.2. Effect of disperser solvent type and flow-rate

The miscibility of the disperser solvent with the extraction sol-
ent and aqueous phase (sample solution) is a significant criterion
or its choice, in DLLME methods. Acetone, ethanol and methanol
ere examined for this purpose. Xylene concentration in any dis-
erser solvent was 2.0% (v/v). Other experimental conditions were
s in Fig. 2. The resulting data had shown no significant statistical
ifferences between the studied solvents. Methanol was selected as
isperser solvent in the subsequent experiments due to its accessi-
ility and low-priced.

The flow-rate of disperser solvent affects on the sedimenta-
ion of the extraction solvent (fine droplets formation) and on
he retention of them in the microcolumn. This consideration is
ased on the variation of the linear velocity of the liquid mixture

y changing the flow-rate into the microcolumn. The influence of
isperser solvent flow-rate on the absorbance was examined in
he range of 0.12–0.72 mL min−1. It was found that the absorbance
as increased by increasing the flow-rate of methanol up to

ig. 2. Effect of the concentration of xylene on the absorbance of 10.0 �g L−1 Cu(II)
–�–) and 100.0 �g L−1 Pb(II) (–©–) obtained from SI-DLLME–FAAS. Extraction
olvent: methanol containing 0.2% (m/v) DDPA and xylene; 5.1 mL min−1 sample
ow-rate; 0.36 mL min−1 methanol flow-rate.
Fig. 3. Effect of the sample flow-rate on the absorbance of 10.0 �g L Cu(II)
(–�–) and 100.0 �g L−1 Pb(II) (–©–) obtained from SI-DLLME–FAAS. Extraction sol-
vent: methanol containing 0.2% (m/v) DDPA and 2.0% (v/v) xylene; 0.36 mL min−1

methanol flow-rate.

0.36 mL min−1 and after that it was slightly decreased. Therefore,
0.36 mL min−1 was chosen as optimum.

3.3. Effect of aqueous phase flow-rate

The effect of aqueous phase (sample solution) flow-rate was
evaluated in the range of 1.9–6.0 mL min−1. Methanol flow-rate was
fixed at 0.36 mL min−1. Thereby, the ratio of aqueous to organic
volume was increased by increasing the sample flow-rate. The
recorded relative absorption was almost linearly within the stud-
ied range as it is shown in Fig. 3, implying that the contact time
of fine droplets of extraction solvent with the PTFE-turnings was
sufficient. This is an advantage because enables more sample to
be loaded during a given loading time resulting in higher precon-
centration factor. A flow-rate of 6.0 mL min−1 was selected for high
sensitivity.

3.4. Sample acidity and DDPA concentration

Ammonium DDPA has been used successfully in on-line
liquid–liquid extraction and solid phase extraction methodologies
and compared with other dithiocarbamate reagents proved to be
more selective and stable for cadmium, copper and lead in very low
pH values [34]. The main advantage of the DDPA is that forms stable
complexes with several metals even in strong acidic medium due to
its resistance against hydrolysis, avoiding thus the addition of buffer
solutions which are a significant source of contamination [35].

Among chemical variables, sample acidity, which is defined by
the pH of the sample solution, plays a significant role in the overall
performance of the on-line solvent extraction affecting the com-
plex formation and the extraction efficiency. The effect of the pH
on the absorbance was studied in the range 0.9–3.0 by adjusting
it (in metal solution) with dilute nitric acid. The obtained results
shown that, the absorbance was maximum and practically stable
in a pH window varied between 0.9 and 1.6, while for higher values
the absorbance was decreased gradually. Thus, samples and stan-
dards solutions were fixed to pH = 1.4 ± 0.1. This optimum pH value
enables the use of the method directly in many aqueous samples
after common acid preservation.
The effect of DDPA concentration in the disperser solvent
(methanol) was studied in the range of 0.01–0.6% (m/v). The max-
imum absorbance was observed over the concentration range
0.15–0.6% (m/v). Given its competitive complexation with other
coexisting ions in the real samples a DDPA concentration of 0.3%
(m/v) was adopted for all further experiments.
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Table 3
Effect of interferents on the recovery of 2.0 �g L−1 Cu(II) and 20.0 �g L−1 Pb(II) in
water samples using SI-DLLME–FAAS.

Interferent [Interferent]/[M(II)] Recovery (%)

Cu(II) Pb(II)

Al(III) 1000 97 96
Ag(I) 100 100 99
Cu(II) 100 – 95
Cd(II) 100 95 95
Co(II) 1000 99 100
Pb(II) 100 97 –
Fe(II) 1000 99 98
Fe(III) 1000 97 100
Zn(II) 1000 99 101
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Table 5
Analytical results of copper determination (dissolved fraction) in certified reference
material and spiked natural waters samples with the SI-DLLME–FAAS method ([M]
in �g L−1).

Sample Certified Added Founda Recovery (%)

CRM 1643e 22.76 ± 0.31 – 22.15 ± 1.5 97.3

Tap water – 0.82 ± 0.05 –
2.00 2.75 ± 0.16 96.5

River water – 1.94 ± 0.08 –
2.00 3.85 ± 0.24 95.5

Coastal seawater – 1.64 ± 0.11 –
2.00 3.65 ± 0.26 100.5

a Mean value ± standard deviation based on three replicate measurements.

Table 6
Analytical results of lead determination (dissolved fraction) in certified reference
material and spiked natural waters samples with the SI-DLLME–FAAS method ([M]
in �g L−1).

Sample Certified Added Founda Recovery (%)

CRM 1643e 19.63 ± 0.21 – 18.95 ± 0.9 96.5

Tap water – <cL –
10.0 9.8 ± 0.4 98.0

River water – 4.3 ± 0.3 –
10.0 13.9 ± 0.7 96.0

Coastal seawater – 5.0 ± 0.4 –

T
A

P

S
E
S
E
L
D
P
R
C

n(II) 1000 98 99
i(II) 1000 95 96
g(II) 100 96 95

.5. Effect of ionic strength

The influence of ionic strength of the aqueous solutions on the
bsorbance was evaluated by adding various amounts of sodium
hloride (NaCl) in the range 0–5.0% (m/v). The experimental con-
itions of the SI-DLLME method were the optimum. As it is shown
y increasing the NaCl concentration no significant statistical dif-
erences were recorded throughout the studied range.

.6. Extraction time

The process of mass transfer is time-dependent, while the
xtraction rate is reduced, as the system is going to the chemical
quilibrium. Thereby, maximum absorbance is attained. However,
n the on-line systems, the equilibrium is not necessary, as long as
he extraction conditions are extremely reproducible.

The influence of the extraction time on the absorbance was
nvestigated in the range 30–120 s. The results have shown, that
he absorbance was increased almost proportional by increasing
he extraction time. As a compromise between sensitivity and sam-
ling frequency, an extraction time of 120 s was adopted throughout
he experiments.

.7. Interference studies

The effect of potential ions, encountered in natural water sam-
les, on the recovery of 2.0 �g L−1 Cu(II) and 20.0 �g L−1 Pb(II)
tandard solution in the presence of various amounts of individual
nterfering ions, was examined. For this purpose the proposed SI-
LLME–FAAS method under the optimum conditions was adopted
hile a variation on the recovery greater than ±5% was considered
s interference. The results are presented in Table 3. A significant
dvantage of DDPA is that it does not react with alkali, alkaline
arth metals and others such as Mn, V, Ti, Co, Cr, Zn allowing the
eparation of major components of the matrix [34]. Moreover, the
ffect of common coexisting cations such as Ca(II), Mg(II), Ba(II),

able 4
nalytical performance characteristics of the SI-DLLME-FAAS method for copper and lead

arameter Copper

ample consumption (mL) 12.0
xtraction/preconcentration time (s) 120
ampling frequency (h−1) 12
nhancement factor 560
inear range ([M] in �g L−1) 0.16–12.0
etection limit (3 s), �g L−1 0.04
recision (R.S.D., n = 10) (%) 2.1 (2.0 �g/L)
egression equation ([M] in �g L−1, n = 9) A = (0.0304 ± 0.00097)[Cu(II)] +
orrelation coefficient (r) 0.9993
10.0 14.5 ± 0.8 95.0

cL: detection limit.
a Mean value ± standard deviation based on three replicate measurements.

Na(I) and K(I) were also investigated. No significant variation in the
absorbance was observed at concentrations up to 1000 mg L−1.

3.8. Analytical performance and analysis of natural waters

The performance data of the SI-LLME on-line preconcentration
method for FAAS copper and lead determination under the opti-
mum conditions are summarized in Table 4.

For a sample consumption 12.0 mL, the detection limit, based
on 3 s criterion, was 0.04 and 0.54 �g L−1 while the precision (RSD)
was 2.1% (at 2.0 �g L−1) and 1.9% (at 30.0 �g L−1) for copper and lead,
respectively. The enhancement factor calculated by comparison the
slops of the calibration graphs with and without preconcentration,
was 560 and 265 for copper and lead, respectively.

The accuracy of the proposed method was evaluated, by the
analysis of the certified reference material, NIST CRM 1643e
(National Institute of Standard and Technology, Trace elements in
water). The proposed method was applied to the analysis of tap

water, river water and coastal seawater samples, which had been
collected from Northern Greece. All the determinations were per-
formed using aqueous standard solutions for calibration, without
further matrix specific optimization for the samples. The certified

determination under the optimized conditions.

Lead

12.0
120
12
265
2.3–160.0
0.54
1.9 (30.0 �g/L)

(0.0014 ± 0.00598) A = (0.0021 ± 0.00005)[Pb(II)] + 0.0014 ± 0.0045
0.9995



nnou

v
d
m
9
a

4

d
w
fi
f
F
S
m
l
s
t
p
o
a
n

R

[

[
[
[

[
[
[
[

[

[

[

[
[
[
[

[
[
[

[

[

[
[32] A.N. Anthemidis, G.A. Zachariadis, J.A. Stratis, J. Anal. At. Spectrom. 17 (2002)
A.N. Anthemidis, K.-I.G. Ioa

alues and the analytical results are presented in Tables 5 and 6. The
etermined concentration of copper and lead were in good agree-
ent with the certified values and the recovery ranged between

5.0 and 100.5% showing the good performance of the method in
ll type of natural waters samples.

. Conclusions

A new on-line liquid–liquid microextraction technique for metal
etermination with FAAS was developed. The proposed method
as based on the metal extraction from aqueous phase into the
ne droplets of extraction solvent (cloudy solution), which were

ormed on-line from a ternary system (water–methanol–xylene).
rom commercial, economical and environmental point of view,
I-DLLME offers several important advantages: faster operation in
icro-scale analysis, extremely low time, low cost and particu-

arly low consumption of organic solvent thanks to the use of a
yringe pump of SI manifold, simple manifold (no need of separa-
ion unit), high recovery and enhancement factor. In addition, the
roposed system seems to have easier linkage to analytical meth-
ds. The results have shown that SI-DLLME is a precise, economic
nd reproducibly way for trace copper and lead determination in
atural environmental samples.
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a b s t r a c t

Pyridylazo and thiazolylazo reagents are synthetic dyes widely used in analytical chemistry. These
reagents are also very attractive for use in preconcentration systems. This paper covers the application of
pyridylazo and thiazolylazo reagents in flow injection systems for the determination of metals. The article
discusses flow injection preconcentration systems with solid-phase extraction, precipitation and cloud
vailable online 13 March 2009

eywords:
yridylazo
hiazolylazo
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point extraction. The use of pyridylazo and thiazolylazo reagents in flow injection detection systems is
also presented. The relative advantages and drawbacks of these systems are discussed. The application
of pyridylazo and thiazolylazo reagents in new systems is presented in the concluding part of this review
article.

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

Flow injection systems are frequently preferred over batch pro-
cedures due to the advantages obtained. These advantages include
high analytical frequency, ease of association with several types
of detectors, good precision and accuracy, reduced disposal costs
and a higher degree of safety for the operator in the handling
f the solutions [1–3]. Procedures involving flow injection sys-
ems that include derivatization reactions, solid-phase extraction,
iquid–liquid extraction, sensors and enzymatic reactions have
ttracted scientists due to the growing demand for more sensi-
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

tive and more selective analytical methodologies. These procedures
involve the use of complexing reagents associated with solid sup-
ports employed for the formation of detectable species and the
development of extraction procedures. Among these reagents,
the pyridylazo and thiazolylazo groups deserve special attention
because of their capacity to form complexes with several metals
[4–7]. This property is shared with reagents widely used in several
fields within analytical chemistry.

Pyridylazo and thiazolylazo reagents have been used for spec-
trophotometric determinations because of their good selectivity

and sensitivity, although for conventional spectrophotometric anal-
ysis in aqueous solution, the low solubility of these azo compounds
and their complexes is a significant drawback. This drawback can be
overcome by adding organic solvents or surfactants [8]. However,
the low solubility of these compounds can become an advantage
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hen separation and preconcentration procedures are applied
ecause these reagents can be immobilized through physical sorp-
ion on a proper support or complexes with these reagents can
recipitated in aqueous media.

The application of pyridylazo reagents in separation systems has
een practically performed in parallel with the use of the thiazoly-

azo compounds. This work aims to present a general view on use of
he pyridylazo and thiazolylazo reagents in flow injection analysis
ystems. Some variables and analytical parameters of the systems
re discussed, as well as the advantages and disadvantages of the
ifferent procedures.

. Pyridylazo and thiazolylazo reagents

Azo reagents represent the largest and most important group
f synthetic dyes. These substances possess the basic structure
r–N N–Ar′, where Ar and Ar′ designate any aromatic groups. The
nit that contains the bond –N N– is referred to as the azo group
nd is a chromophore that gives brilliant color to these compounds.
n the formation of the azo group, many combinations of ArNH2
nd Ar′NH2 (or Ar′OH) can be used. These different combinations
ive rise to a variety of colors, such as yellow, orange, red, brown
nd blue. The production of an azo dye involves the treatment of
n aromatic amine with nitrous acid, resulting in a diazo ion as
n intermediate product. This process is known as diazotization.
mong these dyes, two groups deserve special attention: pyridylazo
nd thiazolylazo reagents [9–11].

Compounds derived from 2-aminopyridine have been widely
sed as chromogenic reagents in spectrophotometry for the deter-
ination of metallic elements, including iron, cobalt, nickel, copper,

inc, chromium, palladium, mercury and cadmium, as well as
rganic substances, such as nucleic acids and tartaric acid. Addi-
ionally, the reactions of pyridylazo reagents with metallic ions
ave been used in procedures involving atomic spectrometry, chro-
atography and electroanalytical techniques in order to increase

he sensitivity and the selectivity of the analysis [12,13].
Thiazolylazo dyes are organic substances prepared from the dia-

otization of 2-aminothiazol and its derivatives, with subsequent
oupling to phenolic groups or other aromatic substances. This
reparation does not require any special conditions for diazotiza-
ion. The diazotization is carried out in strongly acid solutions at
ow temperatures, due to the elevated reactivity of the diazotate. In
his way, a great number of thiazolylazo dyes have been prepared
rom several phenols, napthols and other substances. Among these
ompounds, the reagents 1-(2-thiazolylazo)-2-naphtol (TAN), 2-
2-thiazolylazo)-p-cresol (TAC) and 4-(2-thiazolylazo) resorcinol
TAR) have been extensively employed for the separation and deter-

ination of trace elements [9].
The synthesis of pyridylazo reagents is not as simple as the syn-

hesis of compounds derived from 2-aminothiazol. The synthesis
f these reagents involves the coupling of pyridyldiazotate with a
henolic substance in a carbon dioxide atmosphere. This coupling is
sually accomplished with some difficulty [14]. 1-(2-Pyridylazo)-2-
aphthol (PAN) and 4-(2-pyridylazo)-resorcinol (PAR) are examples
f pyridylazo reagents that are prepared by the coupling of dia-
otized 2-aminopyridine with 2-naphthol and 2-aminopyridine,
espectively.

. Flow injection preconcentration systems
.1. Solid-phase extraction

Solid-phase extraction involves the partition of analytes
etween two phases, a liquid and a solid sorbent [15]. In general,
he liquid is put in contact with a sorbent in a flask or in a col-
a 79 (2009) 2–9 3

umn. The mechanism of retention of the analytes will depend on
the nature of the sorbent. This mechanism can be a simple reten-
tion, chelation or ion exchange. Chelating agents such as pyridilazo
and thiazolylazo reagents may be added directly to the sample, and
the chelates then retained on an appropriate sorbent. Alternatively,
a ligand may be introduced to the support, generating a chelating
sorbent. This introduction can be done by three methods [16]:

a) Loaded sorbents: sorption of a ligand on the sorbent by impreg-
nation of the solid matrix with a solution containing the
chelating reagent;

b) Synthesized sorbents: synthesis of new sorbents containing
chelating groups;

(c) Functionalized sorbents: chemical incorporation of chelating
groups on existing sorbents.

Loading is the more generally method employed to incor-
porate pyridylazo and thiazolylazo reagents to solid supports
because these sorbents are the simplest to prepare and use. Several
solid supports have been loaded with pyridylazo and thiazolylazo
reagents such as polyurethane foam [16], polystyrene divinyl-
benzene [3], naphthalene [17,18], activated carbon and silica C18
[16]. However, the main disadvantage of these materials is the pos-
sibility of lixiviation of the chelating reagent during the extraction
process. This possibility can reduce the lifetime of the sorbent.

Modified sorbents have been used extensively to increase the
selectivity and the sensitivity of analytical procedures. An increase
in the selectivity of the extraction is usually obtained by the modi-
fication of the surface of the solid support with functional groups.
The selectivity of the modified solid-phase in relation to certain
metallic ions is attributed to known factors, such as the size of the
reagent used to modify the sorbent and the activity and the type of
the inserted groups. However, the selective extraction of a trace ele-
ment in the presence of other ions represents a challenge in finding
an available sorbent capable of exhibiting a high enough affinity to
selectively extract this metal. The combination of two sorbents may
be a good alternative for some specific applications [19].

Preconcentration procedures are executed using off- or flow
injection systems. Off-line preconcentration procedures are appro-
priate when higher preconcentration factors are needed. However,
these procedures require a large quantity of both reagents and
samples. When flow injection systems are considered, the princi-
pal advantage is the possibility of automation, thus increasing the
precision and accuracy, while minimizing both the reagent/sample
consumption and the production of chemical residues [20]. Addi-
tionally, flow injection systems are usually more robust than
conventional separation methods, offering ease of operation. Sev-
eral procedures based on flow injection systems using thiazolylazo
and pyridylazo loaded sorbents have been described in the litera-
ture [21].

Polyurethane foam has been impregnated with PAR, and the
resulting sorbent was used in flow injection preconcentration sys-
tems for cadmium [22], lead [23] and zinc [24]. The procedures
were based on simple steps of sorption and elution. Some chemical
and flow variables were optimized using a two-level factorial and
Doehlert designs. In the sorption step, the ions were retained on
the minicolumn at pH 8.0, in the form of complexes with PAR, and
the residual solution was discarded. In the elution, a hydrochloric
acid solution flowed through the minicolumn, liberating the metal-
lic ions by decreasing the pH. Cadmium, lead or zinc ions present in
the sample were transported through the HCl solution and were

detected by Flame Atomic Absorption Spectrometry (FAAS). The
signals were measured as peak area. This system was applied to
the determination of cadmium and zinc concentrations in natural
waters and lead concentrations in mineral water and saline efflu-
ents.
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In another work described in the literature, Amberlite XAD-
resin was impregnated with PAN, and the resulting material
as applied in an flow injection preconcentration system. This

ystem was used for the determination of cadmium [25,26] and
ead [27] in seawater samples. The preconcentration step for cad-

ium and lead was accomplished in the field. After this step,
he minicolumns were removed from the system and transported
o the laboratory, where the elution stage was completed using
n HCl solution. The metallic ions were measured by FAAS. The
xperimental procedure was optimized by using a univariate
ethod in order to establish the best chemical and flow con-

itions. The sorbent mentioned above was also used for copper
etermination in seawater samples. Chemical and flow variables
ere optimized using a Plackett-Burman design for seven factors

28]. The problems associated with sample transport and storage
ere avoided by using these field flow preconcentration systems.

urthermore there is no need to adjust the pH of the seawater
amples.

The PAN reagent was also used to modify octadecyl silica. The
esulting sorbent was used as the packing material in a minicolumn
nserted in an flow injection system for the determination of rare
arth metals (Ce, Dy, La, Sm, and Y) and uranium. After the pre-
oncentration step, a solution of nitric acid was used to remove
he ions from the minicolumn, and the elements were detected
y inductively coupled plasma-optical emission spectrometry (ICP-
ES) [29]. The procedure was applied to the determination of these
etals in natural waters.
A simple flow injection system using PAN-loaded TiO2 was used

n the separation and preconcentration of Cu, Co, Cr, Y, Yb and Bi
30]. The procedure was based on two simple steps of sorption and
lution of the ions with hydrochloric acid and followed by direct
etection by ICP-OES. The combination of the reagent PAN and the
orbent TiO2 has resulted in a simple, sensitive and economical pro-
edure. Some metal ions that could not be adsorbed on TiO2, such as
o(II), were retained quantitatively on PAN–TiO2. However, it was
bserved that some ions that could be adsorbed quantitatively on
iO2, such as Mn(II), were not adsorbed quantitatively on the PAN-
oaded sorbent. In general, the adsorption on the sorbent PAN–TiO2
as 2.4 times higher than the absorption on unmodified TiO2. The
rocedure was employed for the determination of metallic ions in
biological reference material.

The reagent 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol
5-Br-PADAP) has been used as a colorimetric reagent in flow injec-
ion systems for the spectrophotometric determination of nickel
31]. A possible limitation of the system is the interference from
e(III) and Cu(II). Both substances are known to form stable com-
lexes with 5-Br-PADAP. Several masking substances were tested

n order to increase the tolerance to these ions. The interference of
e(III) was greatly decreased by the addition of sodium pyrophos-
hate. However, none of the substances tested were capable of
educing the interference from Cu(II). Then, a minicolumn packed
ith TAN immobilized on silica C18 was inserted in the flow injec-

ion system. It was observed that Cu(II) and Ni(II) are retained by the
orbent at pH values ranging from 4.0 to 6.5 and 5.0 to 7.0, respec-
ively. No retention of Ni(II) occurred at pH values below 5.0. The
H of the solution was then adjusted to 4.5 in order to retain the
u ions on the minicolumn while allowing the detection of Ni(II)

ree from any interference by Cu. This procedure was used for the
etermination of nickel in biological materials including rice flour,
sh and apple leaves.

A minicolumn packed with 2-2-thiazolylazo-5-

imethylaminophenol (TAM)-loaded Amberlite XAD-2 resin
as used in a flow injection system for the preconcentration and
etermination of trace cadmium [32]. This method has advantages
uch as a high sample throughput (40 h−1), a low detection limit
1.2 �g L−1), a high preconcentration factor (108) and ease of
ta 79 (2009) 2–9

operation. Biological reference materials, lobster hepatopancreas
and rice flour, were analyzed.

TAN reacts with copper and zinc, and the complexes formed can
be preconcentrated and separated from the sample by employing
a SEP PAK C18 cartridge [33]. Sequential determination of cop-
per and zinc in copper-based alloys by ICP-OES employing a flow
injection separation procedure was proposed. The flow injection
system was based on the association of valves, allowing the deter-
mination of copper and zinc in dissolved brass samples by making
use of flow injection spectrometric detectors. The method, based
on the chemical separation of these two metals, overcomes the
spectral interference of copper in the main emission line of zinc
when atomic emission or absorption spectrometric techniques are
applied [34].

Several flow injection systems are described in the literature,
involving pyridylazo and thiazolylazo reagents in combination with
many solid supports. These materials have resulted in powerful
sorbents that are used in procedures for the preconcentration of
metals. A summary of these procedures is given in Table 1.

In most these flow injection solid-phase extraction systems the
loading of analytes in the column is usually made at slightly acidic
to alkaline pH values. This is due to the fact that most of the
pyridylazo and thiazolylazo reagents interact with metals at this
pH range. The elution is carried out in most cases with acidic solu-
tions, because the lowering of pH creates unfavorable conditions
for the metal–ligand interaction, promoting a rapid desorption of
analytes from the column. Dilute solutions of mineral acids such
as hydrochloric and nitric acid are often used. Solutions of organic
solvents such as acetone, ethanol and methanol in mineral acids are
also used. However, it should be noted that the solvents may lix-
iviate quickly pyridylazo and thiazolylazo reagents loaded in solid
supports, reducing the lifetime of the column. These eluent mix-
tures are more suitable for use with functionalized sorbents, in
which the degree of leaching is much lower.

The solid supports more used for association with pyridylazo
and thiazolylazo reagents in flow injection systems are the Amber-
lite XAD resin series and polyurethane foam. This preference is,
probably, due to low cost, easy availability and high affinity of
hydrophobic media to these reagents. Moreover, the favorable prop-
erties of the media for use in flow injection systems such as
resistance to variations in pH and low degree of swelling, make
them very popular media for this use [35–48].

3.2. Cloud point extraction

The process called cloud point extraction (CPE) is based on the
separation of two isotropic phases generated from micellar systems.
This phenomenon can be applied for the extraction and/or pre-
concentration of inorganic and organic species and biomolecules
[49].

Surfactants have a fundamental importance in CPE processes.
These substances have the capacity to alter the superficial and
interfacial properties of a liquid. The most experimentally condi-
tion modified to reach the cloud point of a solution of surfactant is
the temperature. The explanation of the cloud point phenomenon
is still controversial [50]. According a model described in the
literature, at low temperatures, each molecule of surfactant is sur-
rounded by a layer of water molecules highly organized forming
hydrogen bondings with the polar head groups and the ethylene
oxide units of non-ionic surfactant [50,51]. When the tempera-
ture is increased, the increase of entropy cause dehydration of

the chains of polyoxyethylene and destroys the cover of water
molecules. Weak forces of attraction of van der Waals prevail
between the molecules of surfactants that lead to the forma-
tion of micellar aggregates and, consequently, the separation of
phases.
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Table 1
Flow injection separation/preconcentration methods employing solid-phase extraction with pyridylazo and thiazolylazo reagents.

Reagent Support Metal LD (ng L−1) EF Sample Detection Reference

TAM Amberlite XAD-2 Cd 1.2 108 Biological reference materials FAAS [32]

TAN Silica C18
Zn(II) 150.0 120.0 Soil FAAS [35]
Cu(II) – –

Alloys ICP-OES [34]
Zn(II) – –

PAR

Polyurethane foam Cd(II) 20.0 – Mineral water FAAS [22]
Polyurethane foam Pb(II) 400.0 51.0 Mineral water and saline samples FAAS [23]
Polyurethane foam Zn(II) 280.0 – Mineral water FAAS [24]

Amberlite XAD-4
Cu(II)a 2800.0 7.4

Seawater FAAS [28]Cu(II)b 80.0 220.7
Cu(II)c 50.0 294.8

PAN

Amberlite XAD-4 Cd(II) 3.8 1059.0 Seawater FAAS [25]

Silica

Ce(III) 37.0 328.0

Water ICP-OES [29]

Dy(IiI) 11.0 275.0
La(III) 14.0 337.0
Sm(III) 23.0 324.0
Y(III) 13.0 372.0
U(VI) 69.0 382.0

TiO2

Cu(II) 2800.0 – Biological reference materials

ICP-OES [25]

Co(II) 3500.0 –
Cr(II) 500.0 –
Y(III) 600.0 – Biological reference materials
Yb(III) 12700.0 –
Bi(III) 17900.0 –

Amberlite XAD-4 Pb(II) 5.0 12048 Seawater FAAS [27]

BTAC
PUF

Cd(II) 270.0 41.0 Biological reference material
FAAS

[36]
Pb(II) 1000.0 26.0 Wine [37]

Amberlite XAD-2
Pb(II) 1700.0 60.0 Biological reference materials

FAAS
[38]

Ni(II) 1100.0 30.0 Food [39]

TAC
PUF

Co(II)
3200.0 37.0

Water FAAS
[40]

PUF 2400.0 51.0
Amberlite XAD-2 130.0 87.0 [41]

5-Br-PADAP Amberlite XAD-2 Co(II) 180.0 – Bee honey FAAS [42]

TAR Amberlite XAD-16
Cr(III) 20.0 50.0 Parenteral solutions

FAAS
[43]

Cr(III) and Cr(VI) 20.0 250.0 Water [44]

Me-BTANC PUF
Cd(II) 800.0 37

Black tea, spinach leaves and water FAAS [45]
Pb(II) 3750.0 37
Cu(II) 1200.0 – Shrimp SP [46]

Me-BTABr PUF Zn(II) 370.0 23 Water FAAS [47]
Me-BDBD PUF Cu(II) 3400.0 7 Corn flour, rice flour and black tea SP [48]

a LD: de
I zothia
a [2′-(6
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, b and c: sample volumes of 2.5, 75 and 100 mL, respectively; EF: enrichment factor;
CP-OES: inductively coupled plasma-optical emission spectrometry; BTAC: 2-(2-ben
cid, Me-BTABr: 2-[2-(6-methyl-benzothiazolylazo)]-4-bromophenol, Me-BDBD: 6-

Some authors have been trying to promote CPE in flow injection
ystems. The first work using CPE combined with flow injection
nalysis (FIA) was published in 2001 [52]. Previously, some works
hat involved CPE, employed flow injection systems to facilitate the

anipulation or transport of the rich phase to some detector [53].
he difficulties of the incorporation of CPE in flow injection systems
ave been resolved by using some procedures such as the employ of
dditives (salts, alkalis, acids, polymers, urea and other surfactants).
he additive is used in order to induce the phase separation at the
loud point, avoiding problems with the difficulty of incorporating a
emperature-control device in the system. Those additives can also
ffect the extraction efficiency and the preconcentration factor of
he procedure [54].

The collection of the surfactant-rich phase after the phase
eparation in CPE batch procedures is usually accomplished by cen-
rifugation. In flow injection procedures, the centrifuge is replaced
y a column packed with an appropriate filtering material. The

lution of the micelles from the column is carried out with an
ppropriate solvent, such as acetonitrile, water or acid solutions.

In an FIA system involving CPE, typically the filtering material
hould retain the surfactant aggregates, allowing the passage of
inor components, such as salts, water, surfactant monomers and
tection limit; SP: spectrophotometry, FAAS: flame atomic absorption spectrometer.;
zolylazo)-2-p-cresol, Me-BTANC: 2-(6′-methyl-2′-benzothiazolylazo)chromotropic
′-methyl-benzothiazolylazo)]-l,2-dihydroxy-3,5-benzenedisulfonic acid.

minor aggregates. Therefore, the selection of the filtering material
is extremely important in these systems. Several filtering materials
have been tested for use as the packing material in these columns,
including cotton, glass wool, nylon fiber, cigarette filters and silica.

The main limitation of flow injection cloud point extractions
of metallic ions is the low partition coefficient of many neutral
species of chelates. This drawback can be solved by using highly
hydrophobic ligands. As highly hydrophobic ligands, pyridylazo and
thiazolylazo reagents are appropriate for use in flow injection CPE
systems.

5-Br-PADAP was used as a complexing agent in the determina-
tion of vanadium in parenteral solutions. The non-ionic surfactant
polyoxyethylene (5.0) nonylphenol (PONPE 5.0) was used in the
formation of micellar aggregates. In this system, the cloud point
extraction technique was used for batch preconcentration of
vanadium. The surfactant-rich phase was introduced into a flow
injection system with detection by ICP-OES. In this case, the flow

injection system was just used to introduce the concentrated phase
into the spectrometer [55]. The reagent 5-Br-PADAP was also used
in a similar system for the determination of mercury by ICP-OES.
The system was modified to allow for the use of a gas–liquid separa-
tor. The mercury from the CPE flowed towards the separator where
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he metal was reduced, and the vapor was transported to the neb-
lizer of the spectrometer. A study of the parameters affecting the
loud point extraction and cold vapor mercury generation from the
urfactant phase was performed. A 200-fold preconcentration fac-
or has been obtained. The concentration of the metal in potable
ater samples was determined [56].

A flow injection preconcentration system associated with cloud
oint extraction and capillary electrophoresis for the determi-
ation of dysprosium and iron in urine samples was developed
57]. The sample was transported through a reagent coil, where
t was mixed with a solution of 5-Br-PADAP and the surfac-
ant polyethyleneglycol-mono-p-nonylphenylether (PONPE 7.5).
he mixture was heated to 30 ◦C and was then transported through
minicolumn packed with cotton. The analytes were retained in

his step. An acetonitrile solution was used for the elution. The rich
hase was collected directly in an electrophoresis flask. The present
ork demonstrated the viability of coupling capillary electrophore-

is and flow injection cloud point extraction and showed that such
coupling resulted in a sensitive method for the determination of
y and Fe.

The application of pyridylazo and thiazolylazo reagents in
ow injection cloud point extraction systems still has not
een thoroughly explored; therefore the use of this extrac-
ion technique in FIA systems is a recent development [52].
he possibility of the association of CPE with flow injection
ystems represents a promising alternative in the field of auto-
ated separation methods, particularly, if excellent enrichment

actors and extraction efficiencies are obtained. Therefore, the
nalytical characteristics and the applicability presented in the
eveloped works are comparable or superior to procedures involv-

ng other preconcentration techniques. In this type of extraction
ystem, additional experimental parameters should be tested,
specially those related to the collection column, such as the
hemical nature of the packing material, the dimensions of the
olumn, the elution and preconcentration flow rates and the
onfiguration of the flow injection system. Table 2 presents
he characteristics of some flow injection cloud point extrac-
ion procedures involving pyridylazo and thiazolylazo reagents
55–59].

.3. Precipitation

Precipitation can be used in preconcentration procedures that
re characterized by the formation of insoluble substances. When
irect precipitation is inadequate due to the low concentration
f the analytes in solution, coprecipitation is an alternative [60].
he phenomenon of coprecipitation refers either to the adsorp-
ion of chemical species on the surface of a precipitate or their

ncorporation in the structure of an insoluble system [20]. Sev-
ral substances can used as coprecipitating agents, such as the
olloids Ga(OH)3, Hf(OH)4, Zr(OH)4, or organic substances capa-
le of generating neutral chelates, like diehyldithiocarbamate and
examethylenedithiocarbamate.

able 2
low injection preconcentration methods employing cloud point extraction with pyridyla

eagent Surfactant Metal Sample

r-PADAP

PONPE 5.0
V Parenteral solutions
Hg Water

PONPE 7.5
Fe

UrineDy
Gd

r-TAO Triton X-114 Mn Food

CP-OES: inductively coupled plasma-optical emission spectrometry; CV-ICP-OES: cold
lectrophoresis, LD: detection limit, EF: enrichment factor. Br-TAO: 4-(5ı̌-bromo-2ı̌-thiazo
ta 79 (2009) 2–9

After the generation of the insoluble compound, a dissolution
step must be done through the addition of small amounts of an
appropriate solution. This solution can contain a strong mineral acid
or an organic solvent. The coprecipitation is usually employed more
often in batch systems, which give a greater amount of precipitate
for further manipulation. When flow injection procedures are used,
direct precipitation is preferred due to the small amount of solid
formed, which reduces the impedance in the system.

In flow injection systems, the precipitate can be collected in fil-
ters or reactors. Membrane filters or systems packed with cotton or
polymeric beads are frequently used [3]. Some basic configurations
of the reactors used in flow injection precipitation systems include
the following:

a) Helicoidal reactors: a tube with several circular sections of con-
stant diameter.

b) Serpentine reactors: a configuration with a figure-8 shape. These
reactors can promote a secondary flow pattern by sharp turns
in the flow direction.

(c) Knotted reactors: several knots, with the flow directions varying
in a three-dimensional base.

Knotted reactors have been extensively used in flow injection
preconcentration systems in order to retain metal complexes on
their inner walls through sorption [61]. Besides collecting the pre-
cipitate, the reactor has other functions in the system. One of these
functions is to make possible the fast mixture of sample solutions
and reagents. The knotted reactor also minimizes the dispersion of
the components after dissolution when the eluate is transported
to detector. In addition to efficient mixing, these reactors also cre-
ate a secondary flow due to the changes in the direction caused by
the knots. Centrifugal forces are created in the flow, directing the
particles to the walls of the tube and allowing the effective gener-
ation of the precipitate. However, the precipitate can be lost from
the walls of the tube during the flow passage, causing a decrease in
the sensitivity of the procedure. This limitation can be avoided by
incorporating a small membrane filter on the system [20]. When
compared to conventional microcolumns used in flow injection
systems, knotted reactors reactor have the following advantages:
unlimited life and ease of construction and the ability to use higher
sample flow rates due to the low pressure generated by the reactor
in the system [62].

Most of studies using flow injection precipitation involve detec-
tion by FAAS, ETAAS or ICP-OES [63]. The reagents most widely
used as precipitating agents are diethyldithiocarbamate (DDTC) and
pyrrolidine dithiocarbamate ammonium (APDC) [64,65]. Pyridy-
lazo and thiazolylazo reagents are known to form insoluble chelates
with many metal ions, and this characteristic makes them powerful

reagents for use in flow injection precipitation systems. However,
the potential of pyridylazo and thiazolylazo reagents for use in these
systems only began to be exploited in 2000 [66].

The pyridylazo reagent most frequently used in flow injection
precipitation systems is 5-Br-PADAP. This reagent was used as a

zo and thiazolylazo reagents.

LD (ng L−1) EF Detection Reference

16.0 250.0 ICP-OES [55]
4.0 200.0 CV-ICP-OES [56]

200.0
2200.0 CE [57]

480.0
40.0 20.0 ICP-OES [58]

500.0 14.0 FAAS [59]

vapor inductively coupled plasma-optical emission spectrometry; CE: capillary
lylazo)orcinol.
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Table 3
Flow injection preconcentration methods employing precipitation with pyridylazo and thiazolylazo reagents..

Reagent Metal EF F (h−1) LD (ng L−1) Sample Detection Reference

Br-PADAP

Zn 42.00 22 90.00 River water ICP-OES [66]
Cd 216.0 40 5.00 Wine ICP-OES [68]
Cd 140.0 – – Honey ICP-OES [69]
Sc 1120 11 0.45 River water ICP-OES [67]
V 180.0 22 19.00 Mineral water ICP-OES [63]
Hg 25.00 – 5.00 Mineral water CV-AAS [72]

PAN
Cd 18.00 48 100.00 Drink water FAAS [70]
Pb 26.00 48 430.00 Drink water FAAS [71]
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V-AAS: cold vapor atomic absorption spectrometry, EF: enrichment factor, F: samp

recipitating agent in flow injection systems with a knotted reactor
or the determination of zinc [66] and scandium [67] in the river
ater, vanadium in mineral water [63] and cadmium in wine [68]

nd honey [69]. The detection in all systems was performed by ICP-
ES. In these systems, important parameters were studied, such as

he sample pH, the concentration of 5-Br-PADAP, the reagent flow
ate, the length of the reactor, and the type and concentration of
luent. The length of the reactor systems was 200 cm, and the eluent
sed was a 30% (v/v) nitric acid solution.

A flow injection system was developed for the determination of
admium in drinking water using a knotted reactor and PAN as a
recipitating agent [70]. The preconcentration system was based
n the precipitation of the complex Cd-PAN, with sorption on the
alls of the reactor, and later elution with a hydrochloric acid solu-

ion. The optimization of some of the variables involved in the
ystem was performed in two steps using a factorial design for pre-
iminary evaluation. A Box-Behnken design was employed for the
etermination of the critical experimental conditions. After appli-
ation of the design, the optimized conditions of the method were
s follows: the length of the knotted reactor, 150 cm; sample flow
ate, 5.0 mL min−1; sample pH, 8.3; buffer solution concentration
.011 mol L−1; PAN solution concentration, 3.0 × 10−5 mol L−1.

PAN was also used as the precipitating agent in another fully
utomated flow injection preconcentration system for the deter-
ination of lead in drinking water [71]. After optimization of the

ariables using a Box-Behnken design, the optimum values found
ere: sample pH, 8.8; buffer solution concentration, 0.024 mol L−1;

ample flow rate, 9.27 mL min−1.
A flow injection preconcentration procedure for cadmium deter-

ination was based on the precipitation of cadmium(II) ions in a
notted reactor (KR) using 1-(2-thiazolylazo)-p-cresol (TAC) as the
omplexing reagent [72]. The system was used for cadmium deter-
ination in drinking water samples. A detection limit of 40.0 ng L−1

nd a preconcentration factor of 23 for a sample volume of 10 mL
ere obtained.

Table 3 shows a summary of the procedures using pyridylazo
nd thiazolylazo reagents in flow injection precipitation systems
66–73,63].

. Measurements on solid support and sensors

The solid-phase spectrometry (SPS) is a technique that permits
irect measurements on a solid support [74,75]. In this technique,
solid matrix is employed for the preconcentration of the species
f interest, and the absorbance is measured directly on the solid
upport. Typically two strategies have been employed: (a) a chro-

ogenic reagent is first adsorbed on the solid-phase and when the

ample solution is placed in contact with the solid-phase, the ana-
ytes are removed from the solution, forming a product with the
mmobilized reagent [76,77]; (b) a reaction between the analyte
nd the chromogenic reagent occurs first and this preformed com-
0.00 Water FAAS [73]

requency, LD: detection limit.

pound is sorbed onto the surface of the solid support [78,79]. SPS
offers a simple and easy way to automate the process, provides
low detection limits and uses only small amounts of samples and
reagents. A specific requirement for these sorbents is transparency
for absorbance measurements [80].

The sorbed species can be eluted after each determination or
after a number of determinations. The second option increases the
number of measurements per hour, but it is applicable only if the
response is linear with respect to a wide range of concentrations.

Opaque materials are used only in reflectance applications due
to the excessive attenuation of the light intensity. Even when
using non-opaque materials, light attenuation and scattering are
inevitable. Adjustments in spectrophotometers in order to adapt
them for absorbance measurements are frequently demanded. The
construction and adaptation of a simple flow cell for measurements
using solid-phase spectrophotometry has been described in the lit-
erature [81]. This type of cell allows for the use of large quantities
of material without causing an excessive increase in hydrodynamic
impedance or in scattering of radiation. The reaction of cobalt(II)
with TAN retained on functionalized silica C18 was used to demon-
strate the features of the flow cell [81]. This solid support was also
used for the determination of zinc in pharmaceutical preparations
[80], the simultaneous determination of nickel and zinc in alloys
[82] and the simultaneous determination of iron, nickel and zinc in
water [83], using flow injection solid-phase spectrophotometry.

The reagent 5-Br-PADAP was used for the determination of
cobalt in water samples. The complex formed between the metal
and ligand was concentrated in the ion exchange resin AG 50W-
X2 contained in a flow cell. The increase in absorbance caused by
the accumulation of the complex in the resin was continuously
measured [84].

Another possibility for associating direct measurement on solid
supports and flow injection systems is the use of sensors. Chem-
ical sensors combine the advantages offered by optical fibers
with chemical systems of transduction. The phase sensor (chem-
ical transducer) consists of a sensitive and selective immobilized
reagent that generates the optical signal. This signal is related to
the concentration of the analyte.

The immobilization of a reagent can be done in two ways:
physically, by adsorption, occlusion or electrostatic attraction, or
chemically, by covalent bonding. The quantification of metals is
based on the monitoring of the change in the color or another opti-
cal property of the complexing reagent that interacts with the metal
ions [85–87].

Several solid supports can be used as the basis for the immo-
bilization of the reagent PAN for use as chemical sensors. PAN has

been incorporated into membranes of the ion exchange polymer
Nafion to form an optical chemical sensor, showing good results
for the determination of Ni and Cu in aqueous solutions [85]. The
reagent has been immobilized in a membrane of polyvinyl chlo-
ride (PVC) incorporated into a cellulose support in a flow cell. This
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Table 4
Flow injection preconcentration methods employing sensors and pyridylazo
reagents.

Reagent Support Metal LD (mg L−1) Sample Reference

PAR Amberlite
XAD-7

Co(II) 0.02 Aqueous samples [91]

DPAN Nafion Cu(II) – Aluminium bronze,
bronze and tap
water

[92]

PAN PVC
Zn(II) 10.0 Pharmaceuticals [93]
Mn(II) 0.18 Water, steel, lemon [94]

D

c
m

i
s
i
r
a
T
a
o
C
r
fl
[

5

t
i
t
t
o
s
f
f
a

t
m
d
u
s
l
o
d
P
d
H
e
c
u
s

fl
p
i
a
i
a

[

[
[

[

[

[
[
[

[

[
[
[
[
[
[

[

[
[

[
[
[
[

[

[

[

[
[

and leaves
Cu(II) – Water [95]

PAN: 4-decyloxy-2-(2-pyridylazo)-1-naphthol.

ell was used in the flow injection photometric determination of
anganese and cadmium [86,87].
The reagent PAR was incorporated into a sol–gel, and the result-

ng material was used as a flow injection optical sensor system for
pectrophotometric determination of Cu(II) in urine and Zn(II) in
nsulin injections. The PAR immobilized in the support formed a
ed complex with Cu(II). This complex had a maximum absorbance
t 500 nm, and was also used in the determination of Zn [88,89].
he same reagent was immobilized in a membrane of chitosan
s a transducer. The resulting material was used in the devel-
pment of an optical sensor in a cell flow for determination of
o(II). The sensor can be regenerated using a solution of HCl satu-
ated with KCl [90]. Table 4 presents the characteristics of some
ow injection procedures with sensors and pyridylazo reagents
91–95].

. Conclusion

The ease of coupling of pyridylazo and thiazolylazo reagents
o solid supports has made them very attractive for use in flow
njection systems involving solid-phase extraction. This combina-
ion has been enabled the development of interesting methods for
he determination of metals. Several studies describing the use
f these systems in the determination of metals in different sub-
tances such as food, biological fluids, fuels and medicines are
ound in the literature. The detection of metals is generally per-
ormed using techniques such as spectrophotometry, FAAS, GFAAS
nd ICP.

The low solubility of pyridylazo and thiazolylazo reagents and
heir metallic complexes in water has also allowed the develop-

ent of methods involving flow injection precipitation for the
etermination of metals, and recently these reagents have been
sed in cloud point extraction systems. The need for hydrophobic
ubstances in some of these systems makes the use of pyridy-
azo and thiazolylazo reagents quite appropriate. The combination
f cloud point extraction and flow injection systems was first
escribed very recently. Some very common reagents, such as Br-
ADAP and TAN were used in flow injection CPE systems for the
etermination of metals, resulting in very sensitive methodologies.
owever, the potential of this combination has not yet been fully
xploited. This fact is evidenced by the limited number of publi-
ations on the subject. The same considerations are made for the
se of pyridylazo and thiazolylazo reagents in flow injection CPE
ystems.

The use of these reagents can still be exploited in several types of
ow injection systems for the determination, the separation or the

reconcentration of metals. These systems can be based on the abil-

ty of pyridylazo and thiazolylazo reagents to form complexes with
large number of metal cations. This property is quite interesting

n systems with multi-element detection, such as ICP-OES, ICP-MS,
nd some applications for sequential measurements by FAAS.
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a b s t r a c t

One of the major issues within the context of the fully automated development of chromatographic
methods consists of the automated detection and identification of peaks coming from complex sam-
ples such as multi-component pharmaceutical formulations or stability studies of these formulations.
The same problem can also occur with plant materials or biological matrices. This step is thus criti-
cal and time-consuming, especially when a Design of Experiments (DOE) approach is used to generate
chromatograms. The use of DOE will often maximize the changes of the analytical conditions in order
to explore an experimental domain. Unfortunately, this generally provides very different and “unpre-
dictable” chromatograms which can be difficult to interpret, thus complicating peak detection and peak
tracking (i.e. matching peaks among all the chromatograms). In this context, Independent Components
Analysis (ICA), a new statistically based signal processing methods was investigated to solve this prob-
lem. The ICA principle assumes that the observed signal is the resultant of several phenomena (known
as sources) and that all these sources are statistically independent. Under those assumptions, ICA is able
to recover the sources which will have a high probability of representing the constitutive components
of a chromatogram. In the present study, ICA was successfully applied for the first time to HPLC–UV-

DAD chromatograms and it was shown that ICA allows differentiation of noise and artifact components
from those of interest by applying clustering methods based on high-order statistics computed on these
components. Furthermore, on the basis of the described numerical strategy, it was also possible to recon-
struct a cleaned chromatogram with minimum influence of noise and baseline artifacts. This can present
a significant advance towards the objective of providing helpful tools for the automated development of
liquid chromatography (LC) methods. It seems that analytical investigations could be shortened when

ologi
using this type of method

. Introduction

In many frameworks such as the automated development
nd optimization of analytical methods, the use of Design of
xperiments (DOE) is of great interest to generate data over a

road experimental space. This requires the choice of a well-
tructured set of experiments to allow the modeling of the studied
esponses. However, analytical conditions of a liquid chromatog-
aphy (LC) method must be varied significantly in order to cover

∗ Corresponding author. Tel.: +32 4366 4324; fax: +32 4366 4317.
E-mail address: b.debrus@ulg.ac.be (B. Debrus).

1 Chargé de Recherches F.R.S.-FNRS, Belgium.
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© 2009 Elsevier B.V. All rights reserved.

an experimental space as large as possible. This can lead to
very different chromatograms and peak tracking from one chro-
matogram to another is often problematic. Peak detection in
the case of overlapping peaks can also present a problem. Even
if this step can be done manually by an experienced analyst,
there is a possibility of error in peak assignment. The automa-
tion of this process is therefore one of the first problems to
solve to achieve the fully automated development of LC meth-
ods.
In the literature, different approaches to peak deconvolution
and tracking have been described. A mathematical treatment like
deconvolution (one-dimensional or less frequently multidimen-
sional) is a widely used technique to accurately estimate the
overlapping of peaks. It only needs the number of peaks and
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ome information about the peak shapes as basic input parame-
ers in the computer assisted peak deconvolution procedure [1–3].
owever, the knowledge of overlapped peak shapes is sometimes
ifficult to determine, and poor results can sometimes be obtained
4–6]. Methods such as alternating least-square multivariate curve-
esolution [7,8], mutual automated peak matching [9] or factor
nalysis [10] have been recently developed and seem to be very
fficient in the multidimensional numerical separation domain
pplied to HPLC–diode array detection (DAD) data. However, exam-
les with real data demonstrate that some work is still necessary
o achieve better automated detection and tracking of peaks
9–10].

Independent Component Analysis (ICA) is an interesting alter-
ative that may be used to achieve peak detection and tracking.

CA is used in many domains due to its ability to separate suc-
essfully many types of signals [11]. In this context, ICA is a blind
ource separation method. The term blind indicates that both the
ource signals, and the way they are mixed, are unknown. This
rocessing method has been successfully applied to the analysis
f mixed sounds, satellite signals, to biomedical signal process-
ng problems such as electroencephalographic (EEG) data [12,13],
nd used in order to eliminate artifacts from EEG data [14] or
unctional magnetic resonance imaging data [15]. Recent papers
ave shown that ICA has been applied in the field of chromatogra-
hy for metabolite peak detection [16] or to resolve overlapping
ignals from gas chromatographic–mass spectrometry [17,18] or
D-fluorescence spectroscopy [19] and for the signal analysis in
roteomic and metabolomic investigations [20,21]. Independent
omponents (sources) can be obtained by applying this statis-
ical method which maximizes the statistical independence of
he estimated sources. To measure the independence between
he sources, the calculation of non-Gaussianity can be used, as
xplained by Hyvärinen and Oja [22]. Another popular criterion
or measuring statistical independence of signals can be mutual
nformation between sources. Typical algorithms for ICA use pre-
rocessing steps in order to simplify and reduce the complexity
f the problem. Data centering, whitening (i.e. signals decorre-
ation, accomplishable by using a classical principal component
nalysis method) and dimensionality reduction are generally used.
CA can be carried out by various algorithms which include JADE
23] (joint approximate diagonalization of eigenmatrices), FastICA
24] and OGWE [25] (optimized generalized weighted estimator).
t is important to know that being based on different inde-
endence criteria, each algorithm may lead to slightly different
esults.

In fact, every multidimensional recorded signal which can
e considered as a combination of primary independent signals
sources) can be treated by ICA, which tries to extract these inde-
endent sources and thus estimates the linear combination, i.e. a
ixing matrix, which leads to the observed multidimensional sig-

al. Consequently, recorded signals in LC can be regarded as the
um of independent signals that constitute a DAD-chromatogram
i.e. peaks, noise, baseline drift . . .). The use of UV-DAD detec-
ion and thus the acquisition of multiwavelength data fulfill the
equirements to consider ICA numerical separation of such chro-
atograms. It is thus very interesting to be able to separate peaks

rom noise or drift, and co-eluted peaks can be numerically sepa-
ated for further processing. To carry out the numerical treatment
n an automated way, it is advisable to find a methodology which
llows the use of ICA in a generic manner, i.e., to find the number of
omponents/sources that ICA will try to make independent. In this

aper, our objective is thus to investigate the possibility to perform
utomatically the pretreatment of data, independent component
nalysis, classification of independent components, peak detection,
xtraction of UV spectra for each component, and reconstruction of
leaned DAD-chromatograms.
79 (2009) 77–85

2. Methodology

2.1. Independent component analysis

Different definitions can be given for ICA. The most classical is
referred to as noise-free or noiseless ICA [22,24,26] whose simpli-
fied summary of its application on UV-DAD chromatograms is given
below. In UV-DAD chromatography, the recorded data are matrices,
X, whose dimensions are T × J, where T is the analysis time divided
by the acquisition frequency and J is the number of wavelengths.
Therefore each matrix can be expressed as a random vector, x = (x1,
. . ., xj, . . ., xJ)′ where xj = xj(t) represents the absorbance values at
wavelength j as a function of the time t. Then ICA is carried out on
x and consists of estimating the following generative model:

x = As (1)

where A is a constant (J × n) mixing matrix, with n the number of
sources to be computed and s is the sources random vector s = (s1,
. . ., sn)

′
. Both A and s must be estimated and n must be chosen. To

solve this problem, an unmixing matrix, W, is introduced and the
ICA algorithm estimates it such that the elements of the vector s
are as statistically independent as possible.

s = Wx (2)

An important step consists in normalizing sources to avoid infin-
ity of solutions, when estimating W. The ith component, ci, whose
dimensions are T × J, is then defined as the product between the ith
row, ai, of the estimated mixing matrix A and the ith element of
the estimated vector of sources s:ci = siai. The sum of the n compo-
nents is then equal to x, x = ∑n

i=1siai. It is important to bear in mind
that the term source designates the vectors on which are calculated
the independence and which are used to calculate the high-order
moments and statistics. The term component indicates the vectors
some of which can be assigned to chemical compounds and which
are used to reconstruct “cleaned” chromatograms. In this paper, no
modifications were made to the original FastICA algorithm. More
details on this algorithm can be found in the book of Hyvärinen et
al. [27].

2.2. High-order moments and statistics

Since noise usually follows a Normal distribution, the computed
independent sources given by ICA are investigated in order to find
which one may be considered as noise or not. It has been described
in the literature that the kurtosis of a distribution is a good crite-
rion to reject artifacts and noise [15]. The use of kurtosis and other
statistics or moments of the sources was used in the present study.

Thus, the following statistics or moments can be used to check
the normality of the distribution of each source. If normality is not
observed, it should imply that the source is unlikely to be noise and
therefore likely corresponds to an exogenous phenomenon such as
a compound being detected. In summary, sources of interest such
as peaks are assumed to have a non-normal distribution, and will
be identified as such.

2.2.1. Kurtosis
The kurtosis is the fourth standardized moment of a random

variable and is a measurement of the peakedness (i.e. the flattening
of a distribution) of the probability distribution of this variable, and

can be estimated as:

Ki = m4

m2
2

− 3 = n
∑T

t=1(si(t) − s̄i)
4(∑T

t=1(si(t) − s̄i)
2
) − 3 (3)
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k represents the moment (about the mean) of order k and s̄i is the
ean of the ith source si.

.2.2. Shapiro–Wilk statistic
The non-parametric Shapiro–Wilk (S–W) test examines the null

ypothesis that a sample si(1), . . ., si(T), comes from a Normally dis-
ributed population. This hypothesis is rejected if the test statistic
s too small. This test statistic or the associated p-value can be used
o characterize the distribution. More details about this test can be
ound in the literature [28].

Kurtosis and S–W statistics can then be used to describe the
egree of normality of a distribution and, hence, to identify noise
ources. However, these are far from the only statistics that allow
his and other simple or complex statistics (skewness of the distri-
ution of the source, range, Kolmogorov–Smirnov Normality test,
tc.) can also be used in this context.

.3. k-Means clustering

k-Means is a non-supervised method to cluster objects into
partitions on the basis of their attributes. The objects are the

ources computed by ICA and the attributes are the estimated
tatistics computed on these sources, namely the kurtosis and
hapiro–Wilk statistic. The objective is to use these computed
haracteristics to discriminate the relevant sources (peaks) from
ources representing noise or irrelevant artifacts, chromatogram
y chromatogram. The concept is to compare the Euclidian distance
etween the objects. A short distance (slight difference in the com-
uted attributes) is a sign of closeness between objects and the
losest objects are put together in the same cluster.

Different implementations exist for k-means clustering. The
artigan and Wong algorithm is used here, because it generally
rovides better results than other implementations [29]. However,
his application of clustering is rather simple because it implies a
ow number of variables (i.e. Kurtosis and S–W) and observations.
he clustering results will then not depend on the implementation
elected but on the data distribution.

In practice, k-means with k = 2 is used. The partitioning should
esult in two clusters, one with sources having a high Kurtosis and
ow S–W values corresponding to the components of interest and
onversely, another with low Kurtosis and high S–W value corre-
ponding to noise and irrelevant artifact components. The outcome
f the k-means clustering algorithm may vary from one run to the
ther because the k centers are randomly placed at the start of the
lgorithm. To avoid this dependence on initial conditions, the algo-
ithm is repeated a hundred times for each data set (coming from
ne chromatogram) and the selected clusters are those with the
ighest frequency.

.4. Peak detection methodology

This section presents the methodology to detect peaks for a
iven value of n, the number of estimated sources. The DAD-
hromatograms are referenced with the index p (p = 1, . . ., P)
orresponding, for example, to P experimental conditions. As the
reatment for each DAD-chromatogram is the same, the following
xplanations are given for an unspecified pth chromatogram. First,
ata for DAD-chromatograms are truncated at 14, 24, and 34 min
or overall run times of 16, 26, and 36 min, respectively. This was
erformed in order to remove the perturbation of the end of the
radient containing only noise or irrelevant artifacts. Second, the

CA algorithm is applied on the resulting DAD-chromatogram and
igh-order statistics (i.e. Kurtosis and S–W) are computed for each
f the n sources. Before applying clustering, attributes are divided by
heir standard deviation computed from all the sources available in
rder to give each attribute the same weight in the clustering deci-
79 (2009) 77–85 79

sion process. This is illustrated by the following equation, applied
to kurtosis. The same computation was done for each considered
statistic.

KSi = Ki√√√√ n∑
i=1

(Ki − K̄)
2

(4)

where KSi is the standardized Kurtosis value for the ith source and
K̄ is the mean kurtosis computed from all the sources of one DAD-
chromatogram. Third, k-means clustering (with k = 2) is applied on
this bi-dimensional distribution. Fourth, the number of sources
found in the relevant cluster for the pth DAD-chromatogram is
defined as cr(n,p), as it also depends on n. These cr(n,p) relevant
sources correspond to the cr(n,p) detected peaks in the pth DAD-
chromatogram. Finally, as this methodology is applied on each of
the P DAD-chromatograms, c∗

r (n) is defined as the mode of the
cr(n,p) distribution and corresponds to the most probable value of
cr(n,p).

2.5. Automated adjustment of n methodology

As previously explained, the main parameter of the ICA is the
number, n, of sources chosen to make up the signal. By default, it can
be arbitrarily chosen by the operator if the number of compounds in
the sample is known. In the present section, an automated process
to adjust the number of sources is presented when the number of
compounds to identify is unknown. In a DOE framework, the same
mixture is injected several times using different analytical con-
ditions. Thus, each DAD-chromatogram should contain the same
information, i.e. the same number of relevant sources. Finding an
optimal value of n for the application of ICA is similar to finding
the most likely number of sources counted in the relevant cluster
for all DAD-chromatograms. This method is presented in Fig. 1. An
initial value for n must first be given. One can use an estimated
number of pure components, trough signal matrix singular value
ratios computation [30], for instance. Another easier technique is
to begin the ICA computation with a very low number of sources,
such as n = 3. Then, the methodology presented in the previous
section is applied on each of the P DAD-chromatograms by incre-
menting the value of n, and then each value of c∗

r (n) is recorded.
It is possible to plot c∗

r (n) against n (see Fig. 5). One can observe
that c∗

r (n) stabilizes when n increases. The smallest value of n when
c∗

r (n) reaches a plateau is defined as the optimal number of sources,
nopt, to carry out ICA. The value of c∗

r (n) at the ceiling is defined as
c∗

c and will be assumed to be the optimal estimation of the num-
ber of compounds in the mixture. The optimal number of sources,
nopt, maximizes the probability to have (for any chromatogram)
cr(n, p) = c∗

c and highly depends on the number of compounds in
the sample.

3. Experimental

3.1. Chemicals

Methanol and acetonitrile were HPLC grade from Sigma (St.
Louis, MO, USA). Ultra pure water was obtained with a Milli-
pore (Billerica, MA, USA) Milli-Q Academic A10. In the present
study, two test mixtures were selected in order to develop and
to test the presented algorithms and methodologies. These mix-

tures mimic an unknown mixture. The first mixture contains
atenolol, phenytoin, sulfinpyrazone and warfarin and was used to
develop the methodology. The second mixture was used to put the
methodology to the test. It contains atenolol, pindolol, warfarin,
indoprofen, naproxen, propranolol, retinoic acid, an impurity of
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Table 1
Linear gradient shapes with organic modifier percentage (O.M.%) in mobile phase.

Applied linear gradient

TG = 10 min TG = 20 min TG = 30 min

Time (min) O.M.% Time (min) O.M.% Time (min) O.M.%

0 5 0 5 0 5
10 95 20 95 30 95

analysis presented in the previous sections. The coding was carried
out with R 2.4.1 statistical language for Windows, freely distributed
ig. 1. Methodology for the selection of number of sources for the ICA computation.

he retinoic acid and an unidentified compound. These mixtures
nd compounds were obtained from the Eli Lilly Company (Indi-
napolis, IN, USA). Acetic acid (>98%) was purchased from Merck
Darmstadt, Germany), ammonium formate (99%) was purchased
rom Alfa Aesar (Karlsruhe, Germany) and ammonium hydrogen-
arbonate (99.7%) was purchased from VWR (Fontenay-sous-Bois,
rance).

.2. Sample preparation

The first mixture (sample 1) was prepared as follow. 35 mg of
tenolol, 35 mg of phenytoin, 15 mg of sulfinpyrazone and 15 mg
f warfarin were dissolved in a 10 ml volumetric flask with a mix-
ure of water-methanol (50:50, v/v). The second mixture (sample
) was obtained directly from Eli Lilly Company and was prepared

s follow. 103 mg of warfarin, 97 mg of atenolol, 100 mg of pindolol,
8 mg retinoic acid, 101 mg of naproxen sodium, 99 mg of indopro-
en and 103 mg of propranolol hydrochloride were dissolved in a
00 ml volumetric flask with a mixture of water-acetonitrile (50:50,
10.5 95 20.5 95 30.5 95
10.6 5 20.6 5 30.6 5
16 5 26 5 36 5

v/v). Then, from these two samples, two aliquots were filtered with
0.20 �m PTFE syringe filtration disks into some vials for injection
in the HPLC system. The injection volume was 2 �l for sample 1 and
0.5 �l for sample 2.

3.3. Experiments

A full factorial design [31] was applied on three HPLC factors:
the pH of the aqueous part of the mobile phase (four levels from 2.6
to 10.0), the gradient time (TG) (three levels from 10 to 30 min) and
the nature of organic modifier (two levels, acetonitrile or methanol).
For sample 1, this design was repeated on five analytical columns:
XBridge C18, XBridge C8, XBridge RP18, XBridge Phenyl columns
(100 × 2.1 mm i.d.; particle size 3.5 �m), all from Waters (Milford,
MA, USA) and a Cogent Bidentate C18 column (100 × 2.1 mm i.d.;
particle size 4.0 �m) from Microsolv (Eatontown, NJ, USA). For the
sample 2, the design was only carried out on the XBridge C18 with
methanol for a total of 12 experimental conditions. The experi-
ments were carried out at a flow rate of 0.25 ml/min and at 30 ◦C.
The buffers consisted of 10 mM pH 2.6 formic acid, pH 5.0 ammo-
nium formate, pH 7.0 ammonium formate and pH 10.0 ammonium
hydrogen–carbonate. The pH was adjusted to the selected value
with concentrated formic acid or ammonia 35% aqueous solution.
The shapes of the linear gradients are described in Table 1.

Chromatographic separations were performed on a Waters 2695
separation module coupled to a Waters selector valve 7678 and a
Waters 996 Photodiode array detector. All the DAD-chromatograms
were recorded between 210 nm and 400 nm with an estimated step
of 1.2 nm (158 points) and with an acquisition time of 500 ms. They
were finally exported by Empower 1.0 (Waters) in ASCII files con-
taining the UV-DAD data.

The experimental design leads to 2·4·3 (i.e. 2 organic modifiers,
4 pH, 3 gradient times) = 24 experiments which were repeated for
the five columns which leads to a total of 120 chromatograms. It
is important to state that this full factorial design was not only
set up to challenge ICA abilities to analyze DAD-chromatograms
recorded under various conditions but also to develop and to
test new mathematical models of retention times [32]. Such a
large set of experiments is not required for ICA and for conven-
tional or automated optimization of analytical methods. In most
complex separations, classical or D-optimal design with 12–24
experiments will largely suffice to accomplish a DOE and ICA driven
separation.

3.4. Software

An in-house computer program was developed to perform the
at http://www.r-project.org. These codes can be run on compatible
PC (3 GHz in this case) or other environments where R is available.
For ICA computations, the FastICA algorithm for R, developed at the
Helsinki University of Technology, was used.
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ig. 2. (a) Chromatogram (sample 1) recorded on an XBridge C18 with methanol and
rom 1 to 4 are respectively atenolol, phenytoin, sulfinpyrazone and warfarin. (b) C
ith a gradient time of 30 min observed at 280 nm. Compounds numbered from 1
aproxen, propranolol, an impurity of the retinoic acid and the retinoic acid.

. Results and discussion

.1. ICA algorithm results and components clustering

Each chromatogram matrix X can be described as a (T × 158)
atrix where T is either 1680, 2880 or 4020, depending on the
radient time (10, 20 and 30 min, respectively). In this section,
he results obtained (for sample 1) by applying the methodology
escribed in Section 2.4, for one chromatogram, are presented. A
ummary of the results obtained for sample 2 can be found in Sec-

ig. 3. Components computed by ICA with n = 12 and at 240 nm. The components whose
omponents correspond to noise or irrelevant artifacts. The X-axis represents the time (m
at pH 7.0 with a gradient time of 10 min observed at 240 nm. Compounds numbered
atogram (sample 2) recorded on an XBridge C18 with methanol and buffer pH 2.9
e respectively atenolol, pindolol, an unidentified compound, warfarin, indoprofen,

tion 4.7. The arbitrarily selected value for n is equal to 12 and the
chosen DAD-chromatogram is the one recorded with sample 1 on
the XBridge C18 column with methanol and buffer at pH 7.0 with a
gradient time of 10 min (Fig. 2(a)). In fact, in this case n = 12 is a good
value for n because it succeeds in finding the four compounds and
the dead volume perturbation (i.e. the small baseline perturbation

observed at t0) of the considered DAD-chromatogram.

The twelve independent components are depicted in Fig. 3 at
the wavelength of 240 nm. At this wavelength, each peak absorbs
and gives approximately the same signal to noise ratio. The compo-

numbers are labeled with a square are the ones that correspond to peaks. Other
in) and the Y-axis is the absorbance.
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Fig. 4. (a) Clustering k-means realized on standardized kurtosis and Shapiro–Wilk
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tatistics. The right-bottom cluster (cluster 1, in grey) contains the relevant sources.
rosses indicate the clusters centers. (b) Original DAD-chromatogram at 240 nm
ith automatically picked apexes by a vertical line.

ents corresponding to peaks are labeled by a surrounding square
sources 3, 5, 7, 11 and 12). The seven other components correspond
o noise and are of much lower amplitude.

First, one can observe that the 12th component is distorted and it
eems to issue from the strong coelution with the eleventh compo-
ent. This type of distortion was observed an each set of coeluting
eaks for all the chromatograms. A similar distortion is not vis-

ble on the 11th component which is probably due to its higher
ize. However, the distortions which can exist from components
hich result from coeluted peaks do not seem to affect the detec-

ion of these peaks even if their size ratio is about 2.5:1 in this
ase. Second, some components which were classified as corre-
ponding to noise depict small peaks at the same retention times
s the relevant components (e.g., component 6). This results from
he fact that ICA algorithm is seldom able to generate components
hich are totally independent. It apparently does not affect peak
etection either. The classification of components determined from
-means clustering is shown in Fig. 4(a). The crosses indicate the
enter of the clusters and the relevant one (grey ellipse) is located
t the bottom right and contains five components (cr(n,p) = 5). The
pex of each relevant component has been found and its reten-
ion time has been automatically placed on the chromatogram
Fig. 4(b)).

.2. Optimal number of sources
When the 120 chromatograms are treated as in the previous
ection, a distribution of 120 values of cr(n,p) is obtained. With
= 12, the mode of this distribution is equal to five (c∗

r (n) = 5) and
ts observed frequency is equal to 37.5%. The distribution of cr(n,p)
btained with n = 20 strengthens the fact that (from a given value)

Fig. 5. Plot of the variation of c∗
r (n) versus
79 (2009) 77–85

when n increases the mode of the distribution is not modified (still
equal to 5 with a frequency of 29.2%).

To find the optimal value of sources which make up the chro-
matogram, n was incremented from 3 to 30. The variation of
c∗

r (n) against n is plotted in Fig. 5(a). This figure clearly shows
first, an increasing variation and second, a stabilization of rel-
evant components number, c∗

r (n). The cap of c∗
r (n) is observed

at the value of 5 (c∗
c = 5) and starts with a value of n equal to

twelve, so nopt = 12. Therefore, this result indicates that the sam-
ple seemingly contains five independent sources of interest (five
compounds or four compounds and the dead volume baseline
perturbation).

4.3. Final adjustment of n and Kurtosis/Shapiro–Wilk ratio

However, for n = nopt, cr(n,p) differs from c∗
c in 62.5% of the

clustering results. It means that for 62.5% of the results (75 chro-
matograms), the number of components counted in the relevant
cluster is not equal to five. Then, for these inconvenient results, the
value of n is adjusted till cr(n,p) reaches c∗

c whose the computation
is explained in the previous section. However, for some chro-
matograms, when n is incremented, cr(n,p) never equals five. So, the
components are ranked in descending order accordingly to their
KS/S–W ratio. Indeed, if this ratio is high then the corresponding
components are close to the bottom right corner of the cluster-
ing plot, which means that the probability for this component to
belong to the relevant cluster is higher. So, the c∗

c components with
the higher ratios are defined as being the relevant ones.

4.4. Results of automated peak detection

For the 120 DAD-chromatograms, a total of 516 components are
classified as relevant, 457 of whom are detected peaks and 59 corre-
spond to the detection of the dead volume baseline perturbation. As
the dead volume baseline perturbation is detected in about 50% of
the chromatograms and as the foretold number of relevant compo-
nents by chromatogram is equal to five (c∗

c = 5), then it means that
among these five components stands the dead volume baseline per-
turbation, so the number of expected peaks in the mixture is equal
to 4. As 457 peaks are detected on the 120 chromatograms, 95.2%
of the peaks are automatically detected. To confirm these results,
peak detection was done manually and four peaks were detected for
each chromatogram. However, even done by an experienced ana-
lyst, the manual peak detection cannot always be error free (but
we assume it is error free due to the small number of compounds
in the mixture). The dead volume baseline perturbation is of par-

ticular interest (defining the dead time of a HPLC system), but the
detection of this relevant component is not consistent. This can be
due to its random shape when using different mobile phase as in
DOE, to its small size and also to its undifferentiated UV signature
with the mobile phase.

n. (a) For sample 1 (b) for sample 2.
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ig. 6. Comparison between the obtained relevant components UV-spectra and th
b) estimated UV spectra of each independent component at apex (210–400 nm); (c)
ecorded from chromatograms obtained from each individual reference solution us

.5. Extracting component UV-spectra

Finally, the identification of the compounds can be done man-
ally. In the case of phenytoin and sulfinpyrazone, which are
oeluting (Fig. 2(a)), the UV spectra extracted from the original
hromatogram are mixtures of the “pure” spectra (i.e. the spec-
ra that will be obtained if the compounds were not coeluting).
s the obtained independent components have the same dimen-
ions than the original chromatogram, UV spectra can be extracted
rom the respective independent components. These spectra are
ood estimations of the “pure” spectra and the compounds iden-
ification is made easier. Fig. 6(b) depicts, for one chromatogram,
he UV spectra estimated by ICA extracted from the corresponding

elevant component (which are displayed on Fig. 6(a)) at the apex
f the peak. These extracted UV spectra can be compared to the UV
pectra coming from the original chromatogram (Fig. 6(c)). One can
bserve that some slight differences exist between the extracted
nd the original UV spectra. It is probably due to the interference of
ence ones. (a) Components contained in the relevant cluster, observed at 240 nm;
ectra (210–400 nm) as observed in the original chromatogram. Those spectra were

e same experimental condition.

the mobile phase (organic modifier, buffer composition and buffer
pH) and to the strong coelution existing between phenytoin and
sulfinpyrazone.

4.6. Reconstruction of DAD-chromatogram

As the sum of the n components gives (approximately) the orig-
inal chromatogram, the sum of the cr(n,p) relevant components
should give a chromatogram free from noise and artifacts repre-
sented by the other components. Fig. 7(a) illustrates the original
DAD-chromatogram compared to the reconstructed one (Fig. 7(c)),
both observed at 240 nm. The peaks (identified by the triangles in
the top of the chromatograms) have been automatically detected.

However, at this wavelength, the noise reduction of the chro-
matogram is not really observable. The chromatograms of Fig. 7(b)
and (d) illustrates that, for other wavelengths, the reconstructed
chromatogram (d) has been cleaned from noise, irrelevant artifacts
and gradient baseline drift.
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Fig. 7. (a–c) Comparison between original DAD-chromatogram (a) and reconstructed one with n = 12 (c). The original is recorded at 240 nm, on an XBridge C18 with methanol
and pH 5 buffer with a gradient of 20 min. Apexes have been automatically picked. (b–d) Comparison at different wavelengths (1: 214, 2: 220, 3: 240, 4: 268 and 5: 327 nm)
of the same original (b) and reconstructed (d) chromatograms.
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ig. 8. (a) One chromatogram obtained (with sample 2) in the experimental design
ation of the zone between 12.8 and 13.4 min. The solid black line represents the ori
o compound 7 (propranolol) and the solid grey line display to the component corre

.7. Test of the methodology with a more complex sample

Sample 2 was directly shipped from Eli Lilly Company and seven
ompounds were described in the sample preparation procedure.
his mixture was used to test the ability of the methodology to
etect peaks in a more complex mixture. The global methodology
as exactly applied in the same way as for sample 1. As depicted

n Fig. 2(b), nine compounds were manually detected. Thus the
ixture contained at least nine compounds which was more than

oreseen. The analysis of the variation of c∗
r (n) against n, which

s displayed on Fig. 5(b), shows that the cap of c∗
r (n) is observed

t the value of 9 (c∗
c = 9) and starts with a value of n equal to

ineteen, so nopt = 19. As the baseline perturbation at t0 was not
etected, this result confirms that nine compounds were contained

n sample 2. Among the two unexpected compounds, one is still
nidentified and the second has been identified as an impurity of
he retinoic acid. It seems that the baseline perturbation at t0 was
ot detected due the really small injected volume (0.5 �l). For the

welve recorded DAD-chromatograms, a total of 103 components
ere classified as relevant. As the number of compounds in the
ixture is equal to nine, it means that 95.4% of the peaks were

utomatically detected. Fig. 8(a) depicts a chromatogram where
ompound 7 and compound 8 are coeluting. Despite this coelution
ted at 280 nm. Nine compounds were actually automatically detected. (b) Magnifi-
recorded chromatogram, the dashed grey line depict the component corresponding

ing to compound 8 (an impurity of the retinoic acid).

and the difference between the peaks size, ICA was able to differ-
entiate and to detect these compounds as displayed on Fig. 8(b).
Furthermore, these results obtained with sample 2 tend to confirm
that the percentage of detected peak (about 95%) seems not to be
affected by the sample complexity.

5. Conclusions

The automated detection of peaks is a very crucial step in the
automated development of analytical methods. A new and origi-
nal approach combining ICA, high-order statistics and clustering
was successfully used for the determination of a test mixture of
pharmaceutical compounds in the framework of a DOE methodol-
ogy. The present approach could be envisaged in high throughput
screening experiments, such as those resulting from synthetic pro-
cess development (purity assessment) or for the development of
stability indicating methods when impurities are not necessarily
known. Moreover, it does not require expensive equipment, such

as a mass spectrometer, to detect the compounds, as long as the
compounds absorb in the UV. Clustering methods allow separat-
ing very efficiently the noise components from the relevant ones,
using adequate summary statistics. The technique to find an opti-
mal number of sources is very convenient but is time consuming.
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ortunately, the time needed for the numerical data treatments pre-
ented in this study is much smaller than the sample analysis time.
ndeed, the required times to obtain the ICA results, for one chro-

atogram, when n is incremented from 3 to 30 as shown in this
aper, are 35, 55 and 75 s for the respective gradient times of 10,
0 and 30 min. Therefore, as the chromatograms are numerically
reated one by one, this gives the opportunity to easily implement
he numerical data treatments in a semi-concurrent mode, i.e. just
fter the sample analysis.

On the other hand, this process could also be performed only
n sub-parts of a DAD-chromatogram, according to the analyst
nterest; for instance, searching for coeluted impurities in peaks
f interest allowing a significant reduction in the time devoted to
he computational process.

Eventually, the combination of the original aforesaid strategies
escribed in this paper could give a powerful tool and seems to
egin to open new prospects for the fully automated development
f LC–UV-DAD methods. Nevertheless, further work concerning the
ossibilities for automated peak tracking is required.
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a b s t r a c t

The Sonogel–Carbon electrode is a special class of sol–gel electrode that exhibits favourable mechanic
and electric properties to be used as electrochemical sensor. In this study, Sonogel–Carbon modified
with l-Cysteine was used to prepare a novel electrochemical sensor. The objective of this novel electrode
modification was to seek new electrochemical performances for detection of epinephrine in the presence
vailable online 14 March 2009

eywords:
onogel–Carbon
-Cysteine
pinephrine

of uric acid. The response of catalytic current with epinephrine concentration shows a linear relation
in the range from 1 × 10−7 to 5 × 10−4 M with a correlation coefficient of 0.998, and a detection limit of
8.7 × 10−8 M. The modified electrode had also been applied to the determination of epinephrine and uric
acid in biological samples with satisfactory results. A surface characterisation of this modified electrode
was carried out helped by scanning electron microscopy (SEM) and X-Ray energy dispersive spectroscopy
ric acid
rine sample

(EDS).

. Introduction

Epinephrine (EP) is an important neurotransmitters in mam-
alian central nervous systems [1,2], and it exits in the nervous

issue and body fluid in the form of large organic cations. The
hanges of its concentration may result in many diseases [3]. Thus,
quantitative determination of EP concentration is significant for
eveloping nerve physiology, pharmacological research and life sci-
nce.

There are some methods applied for the determination of EP,
uch as high performance liquid chromatography (HPLC) [4,5],
apillary electrophoresis [6,7], flow injection [8,9], chemilumines-
ence [10,11], fluorimetry [12] and spectrophotometry [13,14]. As
n electroactive device, it can also be studied via electrochemical
echniques. Some reports showed the electrochemical response of
P on different kinds of electrodes, such as electrochemically pre-
reated glassy carbon electrode [15], carbon fiber microelectrode
16], polymer film modified glassy carbon electrode [17,18] and

elf-assembled monolayer modified electrode [19,20].

Uric acid (2,6,8-trihydroxypurine, UA) is the primary product of
urine metabolism [21]. Physiological UA serum levels range from
1 to 88 mg mL−1 and urinary excretion is typically 250–750 mg per

∗ Corresponding author. Tel.: +34 956 01 63 53; fax: + 34 956 01 4 60.
E-mail address: ignacio.naranjo@uca.es (I. Naranjo-Rodríguez).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.057
© 2009 Elsevier B.V. All rights reserved.

day [22]. Its abnormal concentration level in a human body may be
symptoms of several diseases, such as gout, hyperuricaemia, and
Lesch-Nyhan syndrome. Leukemia, pneumonia, and so on are also
associated with enhanced urate levels [23,24]. So it is desirable to
have a simple and direct method for monitoring the concentration
of UA in biological fluids. UA and EP are coexistent in biological
fluids of human, so the simultaneous detection of UA and EP in a
mixture is quite attractive to biological and chemical researches.
Individual determination of UA or EP has been reported by many
researches; however, simultaneous determination of them is rarely
presented.

It nowadays exists a great interest in the development and
application of sol–gel-derived carbon-based electrodes for electro-
chemical applications. The sol–gel process is a chemical synthesis
technique that enables the possibility of preparing a wide variety
of oxide compounds at far lower temperatures than conven-
tional methods. Recently, some of us have developed a new
type of graphite-based sol–gel electrode, the Sonogel–Carbon
electrode, which is obtained using high-energy ultrasounds. Clas-
sical procedures for the synthesis of acid catalysed sol–gel-based
electrode materials include the addition of an alcoholic solvent

to the initial precursor mixture to make it homogeneous and
the employment of an ultrasound bath for several minutes to
promote the hydrolysis. On the contrary, by means of sono-
catalysis, high-energy ultrasounds are applied directly to the
precursors, and ultrasonic cavitation is achieved so that hydrol-



/ Talan

y
i
n
u
T
t
s
t
g
B
e
o
c
e
s
o
a
w
t
[

S
C
a

2

2

G
f
f
c
A
K
o
t
f
o
(

t

2

A
e
t
a
c
D
w
o
u

i
M
1

a
2
d

H. El Bouhouti et al.

sis with acidic water is promoted in only a few seconds and
n the absence of any additional solvent. Thanks to the phe-
omenon of ultrasonic cavitation, sol–gel reactions occur in a
nique environment, leading to gels with special characteristics.
hese so-called sonogels are mainly of high density, with a fine
exture and homogeneous structure. The mix of sonogel with
pectroscopic grade graphite leads to the Sonogel–Carbon elec-
rode [25,26]. The Sonogel–Carbon electrodes show the general
ood properties of the other CCE’s (Ceramic Carbon Electrodes).
esides, in comparison with other carbon electrodes, they exhibit
specially favourable electrochemical properties, such as broad
perational range of voltage and very low values of observed
harging capacity (Cobs). These electrodes show very favourable
lectroanalytical properties for their use as amperometric sen-
ors and, furthermore, they can easily permit the incorporation
f numerous receptor molecules at the Sonogel–Carbon materials,
nd the deliberate chemical modification of the electrode surface
ith a suitable reagent results in the control of the rates and selec-

ivities of electrochemical reactions at the solid/liquid interface
27–31].

In the present paper, we propose a new application of
onogel–Carbon electrodes based on the incorporation of l-
ysteine and the response of the new modified electrode for EP
nd UA.

. Experimental

.1. Reagents and materials

Methyltrimethoxysilane (MTMOS) was from Merk (Darmstad,
ermany), Hydrochloric acid (HCl) and sulfuric acid (H2SO4) were

rom Panreac (Barcelona, Spain). l-Cysteine (>99%) was obtained
rom Fluka Chemical Company (Switzerland). UA (99%) was pur-
hased from Sigma (Barcelona, Spain), EP was purchased from
ldrich (Milwaukee, USA), and used as received. KH2PO4 and
2HPO4 for phosphate buffer were from Fluka. All reagents were
f analytical grade or higher and used as received without fur-
her purification. Graphite powder (spectroscopic grade RBW) was
rom SGL Carbon (Ringsdorff, Germany). Nanopure water was
btained by passing twice-distilled water through a Milli-Q system
18 M� cm, Millipore, Bedford, MA).

Glassy capillary tubes, i.d. 1.15 mm, were used as the bodies for
he composite electrodes.

.2. Instrumentation

All electrochemical measurements were performed with an
utolab PGSTAT20 (Ecochemie, Utrecht, The Netherlands). The
xperiments were carried out in a three-electrode cell at room
emperature (25 ± 1 ◦C), the counter electrode was a platinum wire
nd a Ag/AgCl, 3 M KCl electrode was used as the reference, the
omposite-filled capillary tubes were used as working electrode.
ifferential Pulse Voltammetry (DPV) and Cyclic Voltammetry (CV)
ere the electrochemical techniques applied to study the behaviour

f the Sonogel–Carbon electrodes. Measurements were carried out
nder N2 atmosphere when required.

The synthesis of the Sonogels-Carbon was carried out sonicat-
ng with a high-power ultrasonic generator, SONICATOR 3000, from

ISONIX (MISONIX Inc., Farmingdale, NY, USA) (equipped with a

3-mm titanium tip), that provides a maximum power of 600 W.

Scanning electron microscopy (SEM) studies were carried out on
QUANTA 200 (FEI Company, Hillsboro, Oregon, USA) operating at
0 keV and equipped with a Microanalyzer to perform X-Ray energy
ispersive spectroscopy (EDS).
ta 79 (2009) 22–26 23

2.3. Preparation of the Sonogel electrode

To prepare the Sonosol, the general procedure was as follows:
500 �l of MTMOS and 100 �l of 0.2 M HCl were mixed and then
insonated during 5 s with the high-power ultrasonic processor; in
this way the mixture is subjected to the phenomenon of ultrasonic
cavitation, by which the sol–gel process begins, avoiding the use of
alcoholic solvent and reducing drastically the time needed to get an
unique phase. In the next step, the adequate amounts of l-Cysteine
and graphite powder were added and homogenously dispersed in
the obtained Sonosol. After several minutes, the resulting mate-
rial starts to acquire enough consistency thus it could fill easily the
glass capillaries leaving a little extra mixture sticking out of the
glass tube to facilitate the subsequent polishing step. After 24 h,
the Sonogel–Carbon l-Cysteine composite electrode becomes hard-
ened and, therefore, structured. Adherence between the developed
material and the glass was excellent. Before use, the electrodes were
polished with No. 1200 emery paper to remove extra composite
material and wiped gently with weighing paper. Electrical contact
was established by inserting a cooper wire into the capillary.

3. Results and discussion

3.1. SEM and EDS studies

Four different samples of Sonogel–Carbon l-Cysteine electrodes
were analyzed by SEM: used Sonogel–Carbon electrode with 2.5% of
l-Cysteine; used Sonogel–Carbon electrode with 5% of l-Cysteine;
used Sonogel–Carbon electrode with 7.5% of l-Cysteine and used
Sonogel–Carbon electrode with 10% of l-Cysteine. A sample of used
Sonogel–Carbon electrode without modification was analyzed too.

The used electrodes that contained 2.5% and 5% of modifier show
a minimum erosion after use, and a light separation among the
material and the glass capillary that serves as body for the electrode.
The electrodes with a higher modifier percentage show a higher
number of holes, fissures and fractures on their surfaces, besides
a much more marked separation between the glass capillary and
the Sonogel–Carbon material. This would explain the worst electro-
chemical behaviour of the modified electrodes with 7.5% and 10%
with respect to the Sonogel–Carbon material modified with 5%; this
percentage shows the better electrochemical behaviour compared
with the other modifier percentages tested.

In the micrographs, great differences are not observed among
the electrodes modified with 2.5% and 5%. The difference of electro-
chemical behaviour between these two types of electrodes can be
due fundamentally to the higher modifier proportion that implies
a greater presence of the modifier on the active surface of the elec-
trode in the case of the electrodes modified with 5% of l-Cysteine.

In the micrographs of Fig. 1, an image of a Sonogel–Carbon elec-
trode without modifier, together with its EDS spectrum (a); and
an image of a Sonogel–Carbon electrode modified with 5% of l-
Cysteine, together with its spectrum of EDS (b) are shown. It can
be seen that in both cases the separation between the material and
the capillary body is minimum. The main difference between both
images is the presence of particles of l-Cysteine on the surface of the
material that is proven by the presence of sulphur in the elemen-
tary composition of the modified material, as it can be observed in
the EDS spectra. In Fig. 2, an amplification of a part of the micro-
graph 1.b is collected; a bright particle is observed and identified as
l-Cysteine thanks to the presence of sulphur in the EDS spectrum.
3.2. Cyclic voltammetry

Since uric acid and epinephrine have similar oxidation poten-
tial at most solid electrodes and many modified electrodes
[32,33], overlapped signals are usually obtained. Separated sig-
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ig. 1. (a) SEM micrograph and EDS spectrum of a modified Sonogel–Carbon electr
lectrode.

als can be obtained for UA and EP using a Sonogel–Carbon
lectrode modified with l-Cysteine. To evaluate the sensitivity
nd selectivity of this sensor for simultaneous analysis, cyclic
oltammograms of mixtures of these species are recorded at
% l-Cysteine Sonogel–Carbon modified electrode, and compared
ith an unmodified Sonogel–Carbon electrode (Fig. 3). It can be

bserved that the peak potentials for EP and UA are indistinguish-

ble at an unmodified Sonogel–Carbon electrode. However, for a
% l-Cysteine Sonogel–Carbon modified electrode the overlapped
oltammetric peaks are resolved into well defined peaks (Fig. 3b) at
bout 0.38 V and 0.532 V corresponding to the oxidation of EP and
A, respectively.

Fig. 2. SEM micrograph detail and EDS spectrum of a l-Cys
) SEM micrograph and EDS spectrum of a 5% l-Cysteine Sonogel–Carbon modified

3.3. Analysis of epinephrine

In bibliography, different detection limits are reported depend-
ing of the electrode used and the purpose of the sensing activity.
DPV seems to be suitable pulse technique to achieve good
result, since it favours the measurement of the faradic over the
non-faradic current, which improves sensitivity during the mea-

surements. In this work, the anodic differential pulse peak was
used for epinephrine analysis in 0.05 M phosphate buffer solu-
tion (pH 6). The calibration curve provided linear relationships
for EP: i = 0.4344 + 0.0521C, R2 = 0.998, in the range from 10−7 to
5 × 10−4 M. The detection limit for EP (S/N = 3) was 8.7 × 10−8 M.

teine particle in the surface of a modified electrode.
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interference studies were also performed with other compounds;
for 5 × 10−4 M EP, no interference could be observed for glucose
(1:300), glutamic acid (1:300), citric acid (1:200), NaCl (1:700) and
KCl (1:700), where the data in brackets were the EP:interferent con-
ig. 3. Cyclic voltammograms for mixture of 10−6 M EP and 10−4 M UA in 0.05 M
hosphate buffer pH 6 (a) unmodified electrode, (b) 5% l-Cysteine Sonogel–Carbon
odified electrode. Scan rate 50 mV s−1 and T = 20 ◦C.

his value is much lower than values previously obtained [34,35],
nd compares well with the best values reported [19].

According to SEM studies, the used electrodes containing 5% of
odifier exhibit minimum erosion after use; this fact, and the pres-

nce of l-Cysteine on the electrode surface, allow us to assume that
he properties of the electrodes remain after use. The repeatability
f the electrode was estimated by ten repetitive measurements in
he same day using the same electrode; relative standard deviation
RSD) of 3.3% was obtained. The useful lifetime is at least one month
fter repetitive measurements every day. These results show clearly
he good performances of our novel sensor.

.4. Simultaneous determination of EP and UA

Under the optimum condition, the electro-oxidation processes
f EP and UA in the mixture were investigated when the concen-
ration of one species changed while the other species was kept
onstant. The results show that the peak current for EP increased
ith the increase of EP concentration while the concentration of
A was kept constant. Although the charge current was slightly
nhanced after EP oxidation, the anodic peak current for UA did
o change. In a similar way, keeping the concentration of EP con-
tant, the oxidation peak current of UA was positively proportional
o its concentration, while that of EP did not change. From the
xperimental results described previously, it was known that in the
ixture containing EP and UA the oxidation peak potentials of the

wo compounds were clearly separated from each other.
The current responses of EP and UA have been investigated

o validate the performance of the 5% l-Cysteine Sonogel–Carbon

odified electrode for the simultaneous analysis of the two species

y changing the concentration of EP and UA in the mixture at the
ame time. Fig. 4 shows the DPV response at the 5% l-Cysteine
onogel–Carbon modified electrode simultaneously varying the

ig. 4. Differential Pulse Voltmammograms of EP and UA mixtures at a 5% l-Cysteine
onogel–Carbon modified electrode in phosphate buffer (pH 6). EP contents from 1
o 4 are 1 × 10−6, 2 × 10−6, 3 × 10−6 and 6 × 10−6 M, respectively. UA contents from 1
o 4 are 1 × 10−4, 2 × 10−4, 3 × 10−4 and 6 × 10−4 M, respectively. Scan rate: 50 mV s−1.
ulse amplitude: 25 mV.
Fig. 5. Differential Pulse Voltammogram of 5 × 10−4 M AA, 5 × 10−6 M EP and
5 × 10−4 M UA mixtures at a 5% l-Cysteine Sonogel–Carbon modified electrode in
0.05 M phosphate buffer (pH 6). Scan rate: 50 mV s−1. Pulse amplitude: 25 mV.

concentration of both EP and UA; the peak current values were
proportional to the concentration of EP and UA in the mixture.

3.5. Interference study

It is well known that UA coexists with EP in the extracellular
fluid of the central nervous system and its concentration is much
higher than that of EP. Hence, UA and AA are important interfering
substances for the electrochemical analysis of EP, and the interfer-
ence from AA and UA was investigated. Fig. 5 shows the DPV of
5 × 10−4 M AA + 5 × 10−6 M EP + 5 × 10−4 M UA in phosphate buffer,
pH 6. Well defined anodic peaks at −0.002, 0.277 and 0.438 mV for
the oxidation of AA, EP and UA, respectively, were obtained at the 5%
l-Cysteine Sonogel–Carbon modified electrode. However, the pres-
ence of AA and UA does not modify significantly the signal for EP. The
Fig. 6. (a) Differential Pulse Voltammograms of 10−4 M AA at a 5% l-Cysteine
Sonogel–Carbon modified electrode in urine sample diluted 50 times with phos-
phate buffer (pH 6) in different concentration of EP (1–5): 2 × 10−6, 4 × 10−6, 6 × 10−6,
8 × 10−6 and 1 × 10−5 M. Scan rate: 50 mV s−1. Pulse amplitude: 25 mV. (b) Differ-
ential Pulse Voltammograms of 8 × 10−6 M EP at 5% l-Cysteine Sonogel–Carbon
modified electrode in urine sample diluted 50 times with phosphate buffer (pH
6) in different concentration of AU (a–e: 1 × 10−4, 2 × 10−4, 4 × 10−4, 6 × 10−4 and
8 × 10−4 M). Scan rate: 50 mV s−1. Pulse amplitude: 25 mV.
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entration ratios. Theses results show a no significant influence of
any interferents for EP electrochemical signal at a 5% l-Cysteine

onogel–Carbon modified electrode.

.6. Analytical performance in urine sample

The applicability of our Sonogel–Carbon l-Cysteine modified
lectrode was tested in urine sample. The sample was diluted 50
imes with phosphate buffer solution (pH 6) before the measure-

ents to prevent the matrix effect. The DPV recorded for urine
ample are shown in Fig. 6. Examination of Fig. 6a shows that peak
urrent of EP increased with an increase in EP concentration, while
he concentration of AA was kept constant. As shown in Fig. 6b,
eeping the concentration of EP constant, the oxidation peak cur-
ent of UA was positively proportional to its concentration, while
hat of EP did not change. These results indicate that selective anal-
sis of AA, EP and UA is possible at a 5% l-Cysteine Sonogel–Carbon
odified electrode in urine sample.

. Conclusion

In this paper, we have prepared a new modified Sonogel–Carbon
lectrode based on the incorporation of l-Cysteine, and the simul-
aneous electrochemical analysis of EP and UA in phosphate buffer
nd urine sample has been tested.

The novel l-Cysteine Sonogel–Carbon electrode shows good
ehaviour and electrochemical response; thanks to the adequate
esolution of EP signal in presence of interferents, the developed
lectrode is a useful tool for the selective analysis of EP, and
or simultaneous electrochemical analysis. The detection limit for
P (8.7 × 10−8 M) is much lower, or compares well with other
alues reported in literature. The application of the modified
onogel–Carbon electrode has been also tested in urine sample,
ith good results.
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a b s t r a c t

In the present study the natural abundance of 13C is quantified in agricultural soils in Mexico which have
been submitted to different agronomic practices, zero and conventional tillage, retention of crop residues
(with and without) and rotation of crops (wheat and maize) for 17 years, which have influenced the
physical, chemical and biological characteristics of the soil. The natural abundance of C13 is quantified
by near infrared spectra (NIRS) with a remote reflectance fibre optic probe, applying the probe directly
to the soil samples.

Discriminate partial least squares analysis of the near infrared spectra allowed to classify soils with
and without residues, regardless of the type of tillage or rotation systems used with a prediction rate
of 90% in the internal validation and 94% in the external validation. The NIRS calibration model using a
modified partial least squares regression allowed to determine the �13C in soils with or without residues,

with multiple correlation coefficients 0.81 and standard error prediction 0.5‰ in soils with residues
and 0.92 and 0.2‰ in soils without residues. The ratio performance deviation for the quantification of
�13C in soil was 2.5 in soil with residues and 3.8 without residues. This indicated that the model was
adequate to determine the �13C of unknown soils in the −16.2‰ to −20.4‰ range. The development of
the NIR calibration permits analytic determinations of the values of �13C in unknown agricultural soils
in less time, employing a non-destructive method, by the application of the fibre optic probe of remote
reflectance to the soil sample.
. Introduction

The characteristics of a soil vary with tillage and manage-
ent practices applied, which, in turn, determines soil fertility

1]. Zero tillage is a technique used in conservation agriculture,
hich guarantees stable yields and better water management while
reventing soil degradation. It consists basically in maintaining a
ermanent or semi-permanent organic cover, i.e. a crop residue or
layer of stubble, over the soil [2].

The determination of �13C in soil helps to understand the

ynamic of soil organic matter and its origin, being it from C3
r C4 vegetation [3–5] for instance, used �13C measurements to
emonstrate that the rate of decomposition of soil organic matter

ncreased after tillage. The technique has often been used to study

∗ Corresponding author. Tel.: +34 23 294483; fax: +34 23 294483.
E-mail address: inmaglez@usal.es (I. González-Martín).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.002
© 2009 Elsevier B.V. All rights reserved.

dynamics of C in tropical agro-forestry systems [6–9], but not often
in temperate or semi-arid regions [10]. Velázquez et al. [11] evalu-
ated soil quality in different tropical agrosystems using NIRS with
discriminant analysis. The spectra of soils were grouped consider-
ing type of crop and absence of vegetation, which is similar to our
set-up.

The quantification of stable C isotopes using isotope mass spec-
trometry is an expensive and labour intensive methodology. In
the last decade spectroscopic techniques, such as spectroscopy in
the near infrared (NIRS), have been developed that facilitate the
characterization and quantification of organic material in soil [12].
This technique is fast, accurate, direct without requiring sample
preparation and non-destructive. It allows analyzing qualitatively

and quantitatively multi-parametric in different matrices thereby
reducing costs compared to conventional laboratory techniques
without generating wastes [13,14].

The NIRS technology together with the application of mathe-
matical models has been used to quantify chemical elements in
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Table 1
�13C of the soils cultivated with maize and wheat subjected to: ZTM+r/−r = zero tillage monoculture with residues or without, ZTR+r/−r = zero tillage rotation with residues
or without, CTM+r/−r = conventional tillage monoculture with residues or without and CTR+r/−r = conventional tillage rotation with residues or without.

�13C (‰)

Crop: maize Crop: wheat

0–5 cma 5–10 cm 10–20 cm 0–5 cm 5–10 cm 10–20 cm

ZTM+r −16.56 (0.12) −18.41 (0.15) −18.72 (0.27) −23.28 (0.32) −21.44 (0.15) −20.00 (0.13)
ZTR+r −18.93 (0.43) −20.01 (0.21) −19.99 (0.12) −20.34 (0.65) −20.52 (0.60) −19.93 (0.22)
CTM+r −18.08 (0.16) −18.02 (0.55) −18.59 (0.34) −22.58 (0.57) −22.07 (0.37) −21.25 (0.22)
CTR+r −19.87 (0.17) −19.77 (0.23) −19.80 (0.20) −19.69 (0.31) −20.00 (0.29) −19.93 (0.10)
ZTM−r −20.04 (0.14) −20.08 (0.19) −19.78 (0.03) −21.44 (0.04) −20.51 (0.06) −20.06 (0.74)
ZTR−r −21.47 (0.48) −20.70 (0.23) −20.19 (0.15) −20.98 (0.07) −20.53 (0.10) −20.51 (0.42)
CTM−r −19.05 (0.24) −19.13 (0.26) −19.22 (0.16) −22.06 (0.08) −21.50 (0.16) −21.09 (0.14)
CTR−r −20.15 (0.18) −20.24 (0.32) −20.22 (0.31) −20.70 (0.63) −21.14 (0.39) −20.17 (0.02)
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the standard deviation. The values of abundance of C obtained
with the method of reference (isotope ratio mass spectrometer) are
situated in the range of −16.6‰ to −23.3‰ (standard deviation 1.5)
for soils with residues and −19.1‰ to −22.1‰ (standard deviation
0.8) for soils without residues.

Table 2
Values of �13C isotope composition of soils subjected to different agricultural treat-
ments, quantified with isotopic mass spectrometry technology.

Soils with retention of crop
residues (N = 50) maize (25);

Soils without retention of
crop residues (N = 50) maize
tandard errors are given in parentheses (n = 3).
a Soil depth.

oil, such as organic C and soil organic matter [15–17]. Fourier
ransformation-NIR (FT-NIR) spectroscopy has been used to study
13C–CO2 emission and to quantify CO2 fluxes of different ecosys-
em compartments [18] and degradation of 13C straw in coniferous
orest in Sweden [19].

The objective of this work is to study the potential of the NIRS
ith a remote reflectance fibre optic probe in the quantification

f �13C in soils submitted to different agricultural systems, zero
nd conventional tillage, rotation of crops (wheat and maize),
anagement of residues (with and without) and generate mod-

ls that permit the determination of �13C in unknown agricultural
oils by the direct application of a fibre optic probe to the
ample.

. Materials and methods

.1. Experimental site

The study was conducted at the El Batán Experimental Sta-
ion of CIMMYT (Centro Internacional de Mejoramiento de Maíz
Trigo) located in the central highlands of Mexico (19◦31′North,

8◦50′West, 2259 masl). The soil is a Cumulic Phaeozem [20]
ith a particle size distribution of 250 g sand kg−1 (1000–50 �),

70 g silt kg−1 (50–2 �) and 380 g clay kg−1 (<2 �). The climate is
emi-arid with a monthly mean temperature between 12.5 and
7.5 ◦C and a mean of 500 mm rainfall year−1 mostly during sum-
er.
Sixteen treatments in 7.5 m × 22 m plots were applied in dupli-

ate combining zero tillage or conventional tillage with residues
r without residues. The four combinations were sown with
onoculture of maize (Zea mays L.) or wheat (Triticum aes-

ivum L.) and with maize in rotation with wheat or wheat with
aize.
The following operations were applied to the zero tillage treat-

ent. Harrowing at 20 cm depth with a disc harrow starting some
ays after harvest incorporating the crop residue where residue

s kept in the field and repeated when needed for weed control
at least once) during the dry season. To prepare the seed bed
spike tooth harrow was used once. The zero tillage plots were

own directly with maize or wheat using an Almaco© seeder and
itcheson© machine, respectively, both using disc openers for seed
lacement. In the treatments with residue retention all the residues
f the former crop were kept in the field. In conventional tillage plots

he residues were ploughed into the ground and in zero tillage they
ere left on the surface. In the without residues treatments, that is
here the residues were removed, most of the aerial residues were

emoved simulating the farmers practice. All plots were fertilized
ith nitrogen as urea (120 kg of N Ha−1).
2.2. Soil sampling and chemical analysis

Fifteen soil samples were taken at random from each plot and
pooled to form composite samples. Samples were collected from
the 0–5 cm, 5–10 cm and 10–20 cm soil layer generally considered
to have the largest root content and microorganisms. All samples
were air dried and characterized. A 0.5 mm-sieved sub-sample of
soil dried at 105 ◦C for 24 h, carbonates were removed and soil ana-
lyzed for �13C. Carbonates were removed by treating 2 g of finely
ground soil with 60 mL of 0.5 M HCl for 24 h [21]. To determine the
quantity of soil sample to use in the isotopic analysis, it is neces-
sary to know the content of organic C. The soils with maize have
between 24.1 and 10.9 g kg−1 dry soil, and the soils with wheat
between 23.4 and 11.9 g kg−1 dry soil, the group of data present
a standard deviation of 0.3.

The samples were air dried, ground and analyzed for �13C using a
HCNOS EURO EA 3000 elemental analyser with a system of combus-
tion at high temperature and a system of dilution for �13C analysis
connected to a mass spectrometer with gaseous source in contin-
ual flow for the determination of relationships of stable isotopes,
model ISOPRIME; made by Micromass. The 13C natural abundance
was expressed in �13C units using the international PDB stan-
dard: �13C = [(13Rsample/13Rstandard) − 1]1000, where 13R = 13C/12C.
The values in the soils after 16 years of applying different tillage
practices are shown in Table 1.

From each of the 100 samples (50 soils with residues and 50
soils without residues), 85 formed the so-called calibration set and
the other 15 were used for the external validation. Table 2 presents
a summary of the characteristics of the soil samples of the study
with the return of the residues (50) and without the return of the
residues (50) and within these with maize crops and with wheat
crops, indicating the maximum and minimum values of �13C and

13
wheat (25) (25); wheat (25)

�13C (%o) −16.6 to −23.3 −19.1 to −22.1
S.D. 1.5 0.8

N: Number of samples; S.D.: standard deviation .The mean of the standard deviation
of the reference method (stable isotope analysis) for each sample (n = 3) was 0.2%.
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.3. NIR spectroscopy

A Foss NIR System 5000 with a standard 1.5 m 210/7210 bundle
bre-optic probe (Ref no. R6539-A) was used for NIR spectroscopy.
he probe employs a remote reflectance system and uses a ceramic
late as reference. The quartz window with a 5 cm × 5 cm sur-

ace area, allows to measure reflectance in the NIR zone close to
100–2000 nm. The spectra were recorded at intervals of 2 nm, per-
orming 32 scans for both the reference and samples. All samples
ere analysed in triplicate to minimize sampling errors. Spectra
ere stored as the logarithm reciprocal of reflectance (log 1/R)

R = reflectance). The software used for spectral collection, data
anipulation and chemometric analysis was Win ISI 1.50 installed

n a Hewlett-Packard Pentium III computer. The NIR spectra were
etermined by applying the fibre optic probe of remote reflectance
irectly onto the soil without previous treatment or manipulation.

.4. Statistical analyses for NIR

Sample spectra were pre-processed using a principal compo-
ent analysis (PCA) to select samples for allocation in either the
alibration or validation set and to detect outliers. PCA is a proce-
ure for separating data into orthogonal components whose linear
ombinations approximate the original data to a selected degree
f accuracy [22]. Anomalous spectra were determined by applying
he Mahalanobis distance because the risk of there being mistakes
n the equations under practical conditions is very low or almost
bsent when the standardised H-statistic (Mahalanobis distance)
s used during routine analysis of unknown samples. This tells us
ow different the spectrum of the unknown sample is from the
verage spectrum in the calibration set. Samples with a H-value

reater than three may be considered as not belonging to the pop-
lation from which the equations were developed. Moreover, using
he T ≥ 2.5 criterion, samples that were different from the popu-
ation owing to chemical criteria were removed from the set. The

odified partial least squares (MPLS) regression method was used

Fig. 1. Soil with and without residues NIR spectrum a
79 (2009) 32–37

to obtain the NIR equations for all the parameters studied. Par-
tial least squares (PLS) regression is similar to principal component
regression (PCR), but uses both reference data (chemical, physical,
etc.) and spectral information to obtain the factors useful for fitting
purposes [23]. MPLS is often more stable and accurate than the stan-
dard PLS algorithm. In MPLS, the NIRS residuals at each wavelength,
obtained after each factor has been calculated, are standardised, i.e.
dividing by the standard deviations of the residuals at each wave-
length, before calculating the next factor. When developing MPLS
equations, cross-validation is recommended to select the optimal
number of factors and to avoid overfitting [24]. For cross-validation,
the calibration set is partitioned into several groups; each group is
then validated using a calibration developed with the other sam-
ples. Finally, validation errors are combined into a standard error of
cross-validation (SECV) [25]. It has been reported that the SECV is
the best single estimate of the prediction capability of the equation
and that it is similar to the average standard error of prediction (SEP)
from 10 randomly chosen prediction sets. The prediction capacity
of the model obtained was evaluated with the ratio performance
deviation (RPD) [26]. A capacity parameter defined as the relation-
ship between the standard deviation of the chemical method (S.D.
ref) and the standard prediction error (SEP) encountered in the NIRS
model. If the RPD value is greater than 2.5, then the model is consid-
ered to be suitable. The RPD ratio for the calibration statistics of the
properties was used to evaluate the prediction ability of reference
methods for NIRS calibration based on the relationship between the
error in analysis and the spread in composition. The initial objec-
tive was to obtain a model of calibration with all the soil samples,
without considering treatment. However, the elevated statistical
errors (SECV) indicated that they could not be considered as a spec-
tral group. For that reason, a discriminant analysis was done which

used the discriminant partial least squares (DPLS) algorithm, which
is a lineal, parametric, discriminant method that permits the mod-
elling of classes. Two perfectly differentiated groups resulted: (a)
soils with residues and (b) soils without residues (Fig. 1), regard-
less of the type of tillage or system of rotation, with 43 and 42

nd mathematical treatments for �13C content.
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Table 3
Calibration statistical descriptors for NIR determination in �13C.

Components N Scatter
correction

Mathematical
treatment

RSQ SEC SECV CV groups Est. Min Mean Est Max S.D.

�13C in soil with residues 38 SNV 2,4,4,1 0.81 0.5 1.2 7 −16.2 −19.8 −23.4 1.2
�13C in soil without residues 37 Detrend 1,4,4,1 0.92 0.2 0.4 7 −18.1 −20.4 −22.7 0.8

M Numb
s lidatio

s
a
�
s
a
T
a
a
a
r
b
A
N
c
w
i
n
f
b
s

3

3

t
o
n
r
d
m
a

p
c
s
i

g
(
b
i
a
r

m

3

c
w
t
s

3.4. External validation

We checked the robustness of the method by applying NIRS
technology to 15 new samples, 8 of soil with residues and 7 of
odel with residues: three factors PLS; Model without residues: five PLS factors. N:
tandard error of calibration; SECV: standard error of cross-validation; CV: cross-va

amples, respectively. The two groups of spectra were analysed sep-
rately to generate the mathematical models of quantification of
13C in soils with different treatments. The complexity of the NIR
ignal makes it necessary to apply chemometric techniques that
llows modification of the data to quantify �13C in soils samples.
he effects of scattering were removed using standard normal vari-
te (SNV) mathematical treatment which corrects the problems
ssociated with particle size DeTrend (DT) or SNV-DT. Dhanoa et
l. [27] indicated that SNV-DT should be introduced not only to
educe multicollinearity, but also to calculate spectral differences
y reducing the confounding effects of baseline shift and curvature.
mathematical treatment was tested in the development of the

IRS calibrations using a nomenclature of 2,4,4,1 and 1,4,4,1 in the
ase of �13C in soil with residues and without residues, respectively,
here the first digit is the number of the derivative; the second

s the gap over which the derivative is calculated; the third is the
umber of data points in a running average or smoothing and the

ourth is the second smoothing [28]. The statistics used to select the
est equations were multiple correlation coefficients (RSQ) and the
tandard error of cross-validation (SECV) (Table 3).

. Results and discussion

.1. Discriminant analysis

On generating the model of calibration of �13C by NIRS with all
he samples of soil (with and without residues) large errors were
btained for the parameter (SECV). This indicated that there was
ot a single spectral group. Moreover, the presence or absence of
esidues (of maize or wheat) in the soil samples generate visually
ifferent NIR recordings (Fig. 1). For the former a mathematical
odel was sought which permitted the discrimination of soils with

nd without residues by NIR spectroscopy.
The discriminant analysis based on regression by minimum

artial squares (DPLS) with the NIR spectral data allows the classifi-
ation of two perfectly differentiated groups, soils with residues (43
amples) and soils without residues (42 samples), without taking
nto account the type of crop or systems of rotation employed.

Taking this into account, a DPLS discriminant analysis was done
enerating two groups of soil, i.e. soils with or without residues
Fig. 2). This indicates that the spectral characteristics are associated
oth to abundance of 13C and to the presence or absence of residues

n the sample. The model of discrimination allows the classification
nd prediction of soils with or without residues with a prediction
ate of 90% in internal validation and of 94% in external validation.

Two models were used to quantify �13C in soil, one for treat-
ents with and one for treatments without residues.

.2. Calibration equations of ı13C
In the pre-treatment of the NIR spectra with PCA, three prin-
ipal components were obtained for �13C in soil with residues or
ithout residues, which explain the spectral variance was higher

han 99%. In PCA and MPLS analysis of the NIR spectra, five soil
amples with residues and five without residues were eliminated
er of samples; S.D.: standard deviation; RSQ: multiple correlation coefficients; SEC:
n and S.D.: standard deviation.

from the calibration set. Two were eliminated for spectral reasons
(H criterion) and three for chemical reasons (T criterion) from both
groupings. In Table 3, the treatment utilised for the correction of
the dispersion, PLS factors, the number of samples used, statistical
parameters of RSQ calibration, SEC, mean and margin of applica-
bility of the models of calibration of �13C in soils with and without
residues is presented. The mathematical treatment used to gener-
ate the calibration model was similar to the work of Coûteaux et al.
[19], they used first and second derivative with a gap of 4 to quantify
�13C in soils (forest soils with stubble enriched with �13C added).

3.3. Internal validation (prediction)

The model was evaluated by cross-validation. In this method,
the set of calibration samples is divided into a series of subsets,
in our case seven. Of these, six were taken for the calibration
set and one for the prediction set. The NIRS calibration model
using MPLS, allowed the determination of �13C in soils with and
without residues, with multiple correlation coefficients (RSQ) and
corrected standard errors of prediction (SEP(C)) of 0.83 and 0.50‰
in soils with residues and of 0.93 and 0.21‰ in soils without them
(Figs. 3 and 4). The RPD was used to generate models to calibrate
NIRS and as the principal indicator to determine the capacity for
prediction [29,30,17]. Some authors consider an RPD > 3 adequate
in NIRS analysis for agricultural products [31,32]. However, some
reports consider a RPD > 2 as acceptable [29,30]. The calibration
model of �13C by NIR in this study gave a RPD of 2.5 for the �13C
in soil with residues and 3.8 in soil without residues. These results
indicate that the capacity of prediction is adequate for determining
the �13C of unknown soils.
Fig. 2. Discriminant analysis of soils with and without residues.
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ig. 3. Comparison of reference values with the values predicted by the calibration
or �13C in soil with residues.

oil without residues. The procedure was as follows. Spectra were
ecorded in triplicate and the spectral mean was taken. The cali-
ration equations obtained were applied and the predicted values
ere compared with the reference according to residuals and root
ean standard error (RMSE).
The difference found between the results obtained by the refer-

nce method (stable isotopes) and with the NIRS technology was
.2% for unknown soils samples with residues and 3.3% in soil with-
ut residues. The root mean standard error was 1.7 for soils with
esidues and 0.82 without residues. Furthermore, with the analysis
f the Student’s t-test for paired values, the values of �13C obtained
ith mass spectrometer and those predicted in the external valida-

ion with the NIRS model were compared. The levels of significance
or soils with residue retention was 0.06 and 0.51 for soils with
esidue removal. These values were greater than the minimum level
f significance 0.05. The null hypothesis is thus accepted and there is
o difference between the values of �13C generated by the different

ethods.

ig. 4. Comparison of reference values with the values predicted by the calibration
or �13C in soil without residues.

[

[

[

[

[
[

[

79 (2009) 32–37

4. Conclusions

The NIRS technology using an optic fibre probe is a technique
with a great potential for the prediction of �13C in unknown soils
submitted to different types of tillage, crop rotation, plant species
(C3 and C4) and residue management. The process involves a pre-
vious discrimination of the soil samples with and without residues
by the NIR and DPLS discriminant analysis recordings. Afterwards
the MPLS models developed for quantify �13C are applied.

These findings show that the capacity of prediction is adequate
for determining the �13C of unknown soils in the −16.2‰ to −20.4‰
range.

It may be concluded that the results obtained with the NIRS
method are comparable to those obtained using analytical methods.
Isotope mass spectrometry is a rapid, non-destructive and cheap
method that does not require previous sample treatment.
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a b s t r a c t

We report on a novel amperometric biosensor for detecting phenolic compounds based on the co-
immobilization of horseradish-peroxidase (HRP) and methylene blue (MB) with chitosan on Au-modified
TiO2 nanotube arrays. The titania nanotube arrays were directly grown on a Ti substrate using anodic
oxidation first; a gold thin film was then coated onto the TiO2 nanotubes by an argon plasma technique.
The morphology and composition of the fabricated Au-modified TiO2 nanotube arrays were characterized
by scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Cyclic voltam-
eywords:
itrophenol
RP
iosensors
iO2 nanotube arrays
ethylene blue

metry and amperometry were used to study the proposed electrochemical biosensor. The effect of pH,
applied electrode potential and the concentration of H2O2 on the sensitivity of the biosensor have been
systemically investigated. The performance of the proposed biosensor was tested using seven different
phenolic compounds, showing very high sensitivity; in particular, the linearity of the biosensor for the
detection of 3-nitrophenol was observed from 3 × 10−7 to 1.2 × 10−4 M with a detection limit of 9 × 10−8 M

(based on the S/N = 3).

. Introduction

Phenolic compounds are widely used in the chemical indus-
ry and, when released into the environment, are considered to
e very toxic to both humans and the environment [1–3]. This
lass of compounds includes highly poisonous, caustic substances
erived from coal tar and the production of plastics, dyes, phar-
aceuticals, germicides, preservatives and antiseptics. Phenolic

ompounds are listed by the Agency for Toxic Substances and
isease Registry (ATSDR) as priority hazardous substances. Approx-

mately 165 phenolic compounds are known to have a toxic effect
n the environment; among them, nitrophenols are considered as
ajor toxic pollutants. The detection of phenolic compounds is

hus very important for measuring toxicity in the environment.
ome noticeable detection techniques, such as gas chromatog-
aphy, liquid chromatography and spectrophotometry, have been
mployed to determine the presence of phenol and its derivatives
4–7]. However, these methods are time-consuming and require
edious sample preparation and expensive equipment; they are dif-
cult to use for in situ detection in the field. Methods for screening
hese compounds in the field are of considerable value. The devel-

pment of in situ enzyme-based electrochemical biosensors has
ttracted great attention [8–10]. Tyrosinase is the most widely used
nzyme for the detection of phenolic compounds [11–14]. How-
ver, tyrosinase-based biosensors are limited to the monitoring of

∗ Corresponding author. Tel.: +1 807 3438318; fax: +1 807 3467775.
E-mail address: aicheng.chen@lakeheadu.ca (A. Chen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.015
© 2009 Elsevier B.V. All rights reserved.

phenolic compounds with at least one free ortho-position. In addi-
tion, tyrosinase-based biosensors show no response to nitrophenol
[15]. Therefore, there is great interest in developing electrochemical
techniques and other enzyme-based biosensors for the determina-
tion of nitrophenols.

It is well known that the major drawbacks inherent to enzyme-
based sensors include the difficulty in enzyme immobilization and
their limited lifetime due to the desorption and/or deactivation of
the immobilized enzymes. The performance of a biosensor mainly
depends on the properties of the bioactive layer associated with the
transducer [16–20]. It is crucial to retain a high electroactivity of the
protein or enzyme immobilized on the electrode surface. Different
matrices have been used for the immobilization of HRP [21–23].
Nanostructured materials have been attracting considerable atten-
tion because of their regular structure and high active surface area
for protein binding [24–27]. Titanium dioxide has been widely used
as a photocatalyst and is promising for biosensor design due to
its nontoxicity, low cost and high chemical and thermal stability
[28–31]. In this paper, we report on a novel nitrophenol biosen-
sor based on the co-immobilization of HRP and methylene blue
(MB) with chitosan on Au-modified TiO2 nanotube arrays. To the
best of our knowledge, no electrochemical biosensors have been
reported for 3-nitrophenol detection with the exception of one
study aimed at developing a arthrobacter sp. JS443-based whole cell

amperometric biosensor for 4-nitrophenol, where 3-nitrophenol
was mentioned as an interfering species [32]. However, the stability
of the whole cell based biosensor was very low, losing its response
to nitrophenol after 3 days. In this study, the titania nanotubes
were fabricated by anodizing titanium foil in a standard two-
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firming that the formed nanotubes are TiO2. The strong Au peak
is derived from the Au thin film sputtered on the TiO2 nanotube
arrays. The adhesion and integrity of the synthesized TiO2 nanotube
layer are essential for the effective immobilization of biomolecules.
8 A.K.M. Kafi, A. Chen /

lectrode electrochemical cell containing sodium fluoride (NaF) and
ydrofluoric acid (HF). A gold thin film was then uniformly coated
n the TiO2 nanotubes using a plasma sputtering technique. The
mmobilization of HRP and MB on the TiO2 nanotubes arrays was
chieved by a casting method. Our electrochemical measurements
how that the Au-modified TiO2 nanotubes arrays provide excellent
atrixes for the immobilization of HRP and that the immobilized
RP exhibits high stability and retains high catalytical activity. The
mperometric response of the designed biosensor to phenolic com-
ounds concentration shows long range linearity. In addition, our
tudy reveals that the presence of MB significantly enhances the
ensitivity of the designed biosensor.

. Experimental

.1. Reagents and materials

Horseradish peroxidase (EC1.11.1.7, Type X) was purchased from
igma-Aldrich and used as received. The HRP stock solutions were
tored at a temperature of 4 ◦C. Mehtylene blue was purchased
rom British Drug Houses Ltd., Poole, England. Hydrogen Peroxide
30%) was bought from Fluka and the stock solutions of H2O2 were
iluted from that. Nitrophenols and other phenolic compounds
ere obtained from Sigma-Aldrich. Hydrofluoric acid (HF, 49%)

ame from Fisher Chemical and dimethyle sulfoxide (DMSO) from
aledon Laboratories Ltd, Canada. All other reagents were of ana-

ytical grade and were used as supplied. Water used to prepare all
he solutions in this study was purified with a Nanopure® water
ystem. All experiments were performed in 0.1 M phosphate buffer
olution (PBS) with different pH values adjusted with K2HPO4 and
H2PO4.

.2. Fabrication of biosensors

The TiO2 nanotube arrays were synthesized by anodic oxi-
ation of Ti substrates [30,33–35]. Briefly, titanium foils were
ltrasonically cleaned in acetone and ethanol prior to anodization.
fter rinsing with distilled water, a clean titanium foil electrode

0.4 cm × 0.5 cm × 0.05 cm) was first etched in 18% HCl at 85 ◦C for
0 min. The etched titanium foil was rinsed thoroughly with pure
ater and then anodized at a direct current (DC) voltage of 40 V

n a two-electrode electrochemical cell in an electrolyte containing
imethyl sulfoxide (DMSO) and hydrofluoric acid (HF, 2%) for 8 h. A
latinum coil was used as the counter electrode and the experiment
as conducted at room temperature. After anodization, samples
ere rinsed thoroughly with pure water and then ultrasonicated

o remove surface debris. In order to improve the crystalline prop-
rties and remove the remnants of the barrier oxide layer after the
nodic reaction, the samples were annealed at 450 ◦C for 1 h. The Au
hin film was then coated onto the TiO2 nanotube arrays by argon
lasma sputtering for 30 s. Finally, 20 �L of 2 mg/mL of HRP and
0 �L of 1 mg/mL of MB and 10 �L of 2 mg/mL of chitosan were co-

mmobilized onto the synthesized Au-coated TiO2 nanotube arrays
Ti/TiO2/Au/HRP-MB). Chitosan was used here because of its excel-
ent membrane-forming ability, good adhesion, biocompatibility,
ontoxicity and high mechanical strength, which make the biosen-
or more stable [36]. For comparison, a biosensor based on TiO2/Au
ithout MB (Ti/TiO2/Au/HRP) and TiO2 nanotube arrays without

he Au thin film (Ti/TiO2/HRP) were also fabricated. All resulting
lectrodes were stored in 0.1 M PBS (pH 7.0) and at 4 ◦C when not
n use.
.3. Instrument and electrochemical measurements

The morphology and the composition of the synthesized TiO2
anotube arrays were characterized by scanning electron micro-
ta 79 (2009) 97–102

scope (SEM) (JEOL JSM 5900 LV), at an acceleration voltage of 13 kV,
and an energy-dispersive X-ray (EDX) spectrometer. Electrochemi-
cal measurements were carried out with a CHI (630B) workstation.
A three-electrode configuration was employed for these experi-
ments. The fabricated biosensors were employed as the working
electrodes. A platinum coil was connected as the counter electrode
and a KCl saturated Ag/AgCl electrode was used as the reference
electrode. Cyclic voltammetric measurements were carried out in
0.1 M PBS by applying 0.0 to −0.8 V vs. Ag/AgCl sweep range in the
negative scanning direction. Amperometric responses were mea-
sured in a stirred cell by applying a potential of −0.05 V to the
working electrode. A magnetic stirrer was used for this experiment.
All measurements were performed at room temperature.

3. Results and discussion

3.1. Structural characterization of TiO2 nanotube arrays

The morphology and composition of the Ti substrate after
anodization were examined by SEM observation and EDS analysis.
Fig. 1A shows a typical SEM image of the TiO2 nanotube arrays with a
sputtered Au thin film as fabricated in this study. The TiO2 nanotube
arrays were directly grown on the Ti substrate by anodizing the Ti
substrate in the electrolyte containing DMSO and 2% HF at 40 V for
8 h. The typical dimensions are calculated to be ∼90 nm outer diam-
eter, ∼70 nm inner diameter, ∼20 nm wall-thickness. Fig. 1B shows
the EDS spectrum of the Au-modified nanotube arrays. Both Ti and
O peaks are observed, and the ratio of Ti to O is close to 1:2, con-
Fig. 1. (A) SEM image of TiO2 nanotube arrays directly grown on Ti substrates, (B)
EDS spectrum of Au-modified TiO2 nanotube arrays.
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ometric current slightly increases while only H2O2 was injected
(Curve c), due to the catalytic reduction of H2O2 on the electrode.
Interestingly, when both 3-NPh and H2O2 were added (Curve d),
a high amperometric current appears, indicating the presence of
Scheme 1. Schematic diagram of the biosensor in response to nitrophenol.

his anodization method is preferable to other methods such as
ol–gel and electrophoretic deposition because the TiO2 layer is
irectly grown on the Ti substrate, thus exhibiting much better
dhesion to the Ti substrate than that of other methods [37]. Since
he TiO2 nanotube arrays make a tightly adherent surface layer on
he Ti substrate and, by taking in all other considerations such as
on-toxicity, high surface area and strong thermal and chemical
tability, it can be seen that the synthesized TiO2 nanotube arrays
re promising for biosensing applications.

.2. The principle of HRP-modified electrodes for phenolic
ompounds detection

It has been reported that peroxidase cycles of HRP can be
ctivated by H2O2 to generate active oxyferryl radicals [38]. The
mmobilized peroxidase on an electrode surface can be reduced to
ts native state by direct or mediated electron transfer in encoun-
ering phenol, aromatic amines, ferrocenes, and amine ruthenium
omplexes [39–42]. The response of a phenolic biosensor is based
n the double displacement mechanism in which two substrates,
eroxide (normally H2O2) and the given phenolic compounds, are

nvolved [43]. The structure of the electrode developed in the
resent work as well as the enzymatic mechanism used to create
biosensor based on HRP for phenolic compound detection is pro-
osed in Scheme 1. The reactions consist of the oxidation of the
eme group of HRP molecules by H2O2 and the reduction by the
henolic compound. In the latter reaction, the phenolic compounds
re mainly converted into free radical products which are electroac-
ive and can be electrochemically reduced on the electrode surface
10]. The resulting reduction current is proportional to the con-
entration of phenolic compounds in solution as long as the H2O2
oncentration is not limiting.

.3. CV of the modified electrodes

Fig. 2 shows the cyclic voltammograms (CVs) of the Ti/TiO2
dashed line) and Ti/TiO2/Au (solid line) electrodes recorded in a
.1 M KCl + 5.0 × 10−3 M Fe(CN)6

3−/4− solution at a sweep rate of
0 mV/s. TiO2 is a semiconductor and its electrical conductivity is
elatively low. As expected, neither an oxidation nor reduction peak
s observed in the CV of the Ti/TiO2 electrode. However, a well-
efined and large pair of oxidation peaks located at 0.35 V, and a
eduction peak centered at 0.1 V appear in the CV of the Ti/TiO2/Au
lectrode. The above results show that the presence of the Au thin
lm significantly increases the electrical activity of the TiO2 nan-
tube arrays.
.4. Biosensor behavior

As seen in Scheme 1, H2O2 plays an important role in the
etection of phenolic compounds. Before we tested the prepared
iosensor for nitrophenols detection, we studied its response to
Fig. 2. Cyclic voltammamograms of the Ti/TiO2 (dashed line) and Ti/TiO2/Au (solid
line) electrodes recorded in 5 × 10−3 M Fe(CN)6

3−/4− + 0.1 M KCl solution at a scan
rate of 50 mV/s.

H2O2. Fig. 3 compares the CV curves of the Ti/TiO2/Au/HRP/MB elec-
trode in 0.1 M PBS (pH 7.0) in the presence of 3.0 × 10−3 M H2O2
(solid line) and in the absence of H2O2 (dashed line) at a scan
rate of 50 mV/s, showing that the prepared biosensor has a strong
response to H2O2. To reveal the effect of methylene blue, the CVs
of the Ti/TiO2/Au/HRP electrode in the absence of (dotted line) and
in the presence of 3.0 × 10−3 M H2O2 (dashed line) in 0.1 M PBS (pH
7.0) at a scan rate of 50 mV/s are presented in the inset of Fig. 3.
The current response of the Ti/TiO2/Au/HRP-MB electrode is ∼120%
higher for H2O2 reduction than that of the Ti/TiO2/Au/HRP elec-
trode, demonstrating that MB plays an important role as an electron
mediator.

Fig. 4 shows the linear sweep voltammograms of the
Ti/TiO2/Au/HRP-MB electrode scanned from −0.3 to +0.3 V in vari-
ous solutions (a–e). Comparison of Curve a and b shows that there
is almost no increase in amperometric current for this biosensor
when only 3-NPh was introduced into the electrolyte. The amper-
Fig. 3. Cyclic voltammamograms of the Ti/TiO2/Au/HRP-MB electrode in the absence
(dashed) and presence (solid) of 3 × 10−3 M H2O2 in 0.1 M PBS (pH 7.0) at a scan rate
of 50 mV/s. The inset shows the CVs of Ti/TiO2/Au/HRP in the absence (dotted line)
and presence (dashed line) of 3 × 10−3 M H2O2 in 0.1 M PBS (pH 7.0) at a scan rate of
50 mV/s.
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Fig. 4. Linear sweep voltammograms of the Ti/TiO2/Au/HRP-MB electrode recorded
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Fig. 5. (A) Dependence of catalytic current of the biosensor at different applied
potentials measured in a pH 7.0 PBS containing 2.5 × 10−5 M 3-nitrophenol and
2.5 × 10−5 M H2O2. (B) Effect of the H2O2 concentration on the amperometric

−5
a) in the blank solution 0.1 M PBS (pH 7.0); (b) in the presence of 2.5 × 10−5 M
-nitrophenol; (c) in the presence of 2.5 × 10−5 M H2O2; (d) in the presence of
.5 × 10−5 M 3-nitrophenol and 2.5 × 10−5 M H2O2; (e) in the presence of 5 × 10−5 M
-nitrophenol and 2.5 × 10−5 M H2O2.

2O2 is necessary for the detection of 3-NPh. When we increase
he concentration of 3-NPh to 5.0 × 10−5 M 3-NPh, the amperomet-
ic current is further increased (Curve e), showing that 3-NPh is
esponsible for this enhanced current. The high sensitivity observed
t the Ti/TiO2/Au/HRP-MB electrode for 3-NPh indicates that the
lectron mediator MB greatly accelerates the electron transfer [28].

.5. Optimal parameters

The effect of an applied potential on the amperometric response
f the biosensor was investigated. Fig. 5A shows the influence of
pplied potential on the biosensor response to 3-NPh. The biosensor
xhibits a maximum current at −0.05 V when the electrode poten-
ial was changed from −0.3 V to 0.1 V. As mentioned in Section 3.2,
he biosensing mechanism consists of the oxidation of the heme
roup of HRP molecules by H2O2 and the reduction by nitrophe-
ol. In the latter reaction, the nitrophenol is converted into radical

ntermediates which are electroactive and can be electrochemically
educed on the electrode surface. The decrease of the current is
ikely due to the polymerization of the formed radicals at the more
egative potentials.

A similar effect was also observed for the tyrosinase-based
iosensors for catechol and phenol [44,45].

It is known that the presence of a high concentration of H2O2
esults in inhibition of enzyme activity [37,46]. To achieve high sen-
itivity and avoid the formation of inactive enzymes caused by high
oncentrations of H2O2, we studied the effect of the H2O2 concen-
ration on the Ti/TiO2/Au/HRP-MB biosensor in 0.1 M PBS (pH 7.0)
ontaining 25 �M 3-NPh under the optimized electrode potential
0.05 V as shown in Fig. 5B. This reveals that the maximum amper-
metric response was achieved in the presence of 20 �M H2O2. We
urther investigated the effect of the solution’s pH on the biosensor
esponse. The influence of pH was evaluated over the pH range of
.0 to 9.0. As shown in Fig. 5C, a much lower response was obtained

n the case of pH lower than 6.0 or higher than 8.0, showing that
H 7.0 is the optimum solution pH for the biosensor fabricated in
his study.
.6. Amperometric response of the biosensor

The amperometric response of the Ti/TiO2/Au/HRP-MB biosen-
or was tested in a stirred cell containing 0.1 M PBS (pH 7.0) under
he optimized operating electrode potential of −0.05 V. For com-
response of the Ti/TiO2/Au/HRP-MB electrode to 2.5 × 10 M 3-nitrophenol in 0.1 M
PBS (pH 7.0) at the potential of -0.05 V; (C) influence of pH on the catalytic current of
the biosensor in the presence of 2.5 × 10−5 M 3-nitrophenol in 0.1 M PBS containing
2 × 10−5 M H2O2 at the potential of −0.05 V.

parison, Fig. 6A presents the typical amperometric responses of
−5
three different electrodes (a–c) in the presence of 2 × 10 M H2O2

for successive additions of 3-NPh. The corresponding calibration
plots for the three amperometric response curves are shown in
Fig. 6B. The amperometric response of the Ti/TiO2/Au/HRP electrode
(Curve b) to 3-NPh is much higher than that of the Ti/TiO2/HRP
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Fig. 6. (A) Typical amperometric response of the Ti/TiO2/HRP (a), Ti/TiO2/Au/HRP
(b), and Ti/TiO2/Au/HRP-MB (c) electrodes with successive additions of 1 × 10−5 M 3-
nitrophenol in 0.1 M PBS (pH 7.0) in the presence of 2 × 10−5 M H2O2 at the operating
potential of −0.05 V. Inset: the amperometric response of the Ti/TiO2/Au/HRP-MB
electrode after 45 days under same experimental conditions (solid line); (B) cali-
bration plots of the proposed biosensors (the same experimental conditions as in
A).

Table 1
The performance of the biosensor proposed in this study for the detection of differ

Phenolic compounds Linear range

Phenol 8 × 10−7 to 1.3 × 10−4 M
2-nitrophenol 4 × 10−7 to 1.4 × 10−4 M
3-nitrophenol 3 × 10−7 to 1.2 × 10−4 M
4-nitrophenol 3 × 10−7 to 1.4 × 10−4 M
m-Cresol 6 × 10−7 to 1.2 × 10−4 M
p-Cresol 8 × 10−7 to 1.1 × 10−4 M
3-Chlorophenol 7 × 10−7 to 1.1 × 10−4 M

Table 2
Comparison of the performance of the electrochemical biosensor developed in this study

Immobilization matrix Linearity Sens

Tyr/nano-MgFe2O4–SiO2 1–250 �M 54.2
Tyr/electropolymerized PTS-doped polypyrrole 3.3–220 �M 17.1
Tyr/Au nanoparticles with GC electrode 1–40 �M 82 �
Tyr/core-shell magnetic nanoparticles 1–250 �M 54.2
Tyr/sonogel-carbon 0.5–30 �M 32 n
HRP/sol–gel with GC 5–50 �M 3.65
HRP-TiO2 nanotube 0.8–130 �M 0.19

Tyr = Tyrosinase; HRP = Horseradish peroxidase; GC = Glassy carbon.
ta 79 (2009) 97–102 101

electrode (Curve a). The presence of MB on the electrode sur-
face (Curve c) further increases the response of the biosensor. As
seen in Curve c, the response of the Ti/TiO2/Au/HRP-MB biosen-
sor is very quick; over 95% of the steady state current is achieved
within 5 s. Under these optimized experimental parameters, the
Ti/TiO2/Au/HRP-MB biosensor fabricated in this study shows a
linear response in the range of 3 × 10−7 to 1.2 × 10−4 M 3-NPh
with a correlation coefficient of 0.993 and very high sensitivity
(0.35 �A/�M). This is 87 times higher than the arthrobacter sp.
JS443-based whole cell amperometric biosensor [32]. The detec-
tion limit is estimated to be 9 × 10−8 M 3-NPh (based on S/N = 3).
The performance of the Ti/TiO2/Au/HRP-MB biosensor developed
in this study has also been tested with six other phenolic com-
pounds: phenol, 2-nitrophenol, 4-nitrophenol, m-cresol, p-cresol
and 3-chlorophenol. As summarized in Table 1, the developed
Ti/TiO2/Au/HRP-MB biosensor exhibits a long linear range, high
sensitivity and very low detection limit for all the tested phenolic
compounds. Further study is needed to improve its selectiv-
ity.

3.7. Stability and reproducibility of the biosensor

The long-term stability of this biosensor was also investigated.
The Ti/TiO2/Au/HRP-MB electrode was stored in PBS (pH 7.0) at 4 ◦C
when not being in use. The Ti/TiO2/Au/HRP-MB biosensor fabri-
cated in this study is extremely stable, and it retains 92% of its
initial current response after 45 days as shown in the inset to Fig. 6A
(solid line). The repeatability of the biosensor for the established
current response was also examined, showing that the relative stan-
dard deviation (RSD) was 3.55% for 10 successive measurements
with 2 × 10−5 M 3-NPh. To compare the performance of the biosen-
sor fabricated in this study, we searched the literature. On one
hand, we did not find any biosensor for 3-nitrophenol detection.
To the best of our knowledge, the Ti/TiO2/Au/HRP-MB electrode
developed in this study is the first electrochemical biosensor for
3-nitrophenol detection. On the other hand, we found a num-
ber of biosensors for phenol detection in the literature. Table 2
compares the performance of the Ti/TiO2/Au/HRP-MB biosensor

for phenol detection with the reported electrochemical biosen-
sors [15,45,47–50], revealing that the biosensor proposed in this
study exhibits a very long linearity, high sensitivity, low detection
limit and high stability, very promising for the detection of phenolic
compounds.

ent phenolic compounds.

Sensitivity (�A/�M) LOD

0.19 (r = 0.996; n = 15) 1.95 × 10−7 M
0.29 (r = 0.997; n = 15) 1.20 × 10−7 M
0.35 (r = 0.993; n = 15) 9.00 × 10−8 M
0.30 (r = 0.999; n = 15) 1.10 × 10−7 M
0.26 (r = 0.991; n = 15) 1.35 × 10−7 M
0.19 (r = 0.997; n = 15) 1.90 × 10−7 M
0.23 (r = 0.996; n = 15) 1.55 × 10−7 M

with other biosensors reported in the literature for the detection of phenol.

itivity LOD Stability Ref

mA/M 600 nM 70% (30 days) 15
�A/mM 8.0 × 10−7 M 80% (90 days) 47
A/mM 2.1 × 10−7 M N/A 45
�A/mM 6 × 10−7 M 70% (30 days) 48
A/�M 3 × 10−7 M 80% (40 days) 49
nA/�M 8 × 10−7 M 80% (30 days) 50
�A/�M 2 × 10−7 M 92% (45days) Proposed



1 Talan

4

b
c
t
d
T
u
e
f
r
i
e
s
a
l
o
d

A

r
A
C
v
E

R

[

[

[
[
[

[
[
[
[

[
[
[
[

[
[

[

[

[
[

[
[
[
[

[
[
[
[

[

02 A.K.M. Kafi, A. Chen /

. Conclusions

In this paper, we have presented a promising electrochemical
iosensor for the detection of phenolic compounds based on the
o-immobilization of HRP and MB with chitosan on Au-modified
itanium dioxide nanotube arrays. The titania nanotube arrays were
irectly grown on a titanium substrate by simple anodic oxidation.
hese titania nanotube arrays possess large surface area and good
niformity, ideal matrixes for enzyme immobilization. The pres-
nce of an Au thin film greatly increases the electrical activity of the
ormed TiO2 nanotube arrays. Our electrochemical measurements
eveal that the immobilized HRP exhibits high biological activ-
ty and stability and that the presence of methylene blue further
nhances the sensitivity of the designed electrochemical biosen-
or for phenolic compounds. The developed biosensor exhibits fast
mperometric response, high sensitivity, low detection limit and
ong-time stability for 3-nitrophenol. This study provides proof-
f-concept for the development of HRP-based biosensors for the
etection of high toxic nitrophenolic pollutants.
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a b s t r a c t

For the isocratic ion chromatography (IC) separation of low-molecular-mass organic acids and inorganic
anions three different anion-exchange columns were studied: IonPac AS14 (9 �m particle size), Allsep
A-2 (7 �m particle size), and IC SI-50 4E (5 �m particle size). A complete baseline separation for all
analyzed anions (i.e., F−, acetate, formate, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−) in one analytical

cycle of shorter than 17 min was achieved on the IC SI-50 4E column, using an eluent mixture of 3.2 mM
Na2CO3 and 1.0 mM NaHCO3 with a flow rate of 1.0 mL min−1. On the IonPac AS14 column, it was possible
to separate acetate from inorganic anions in one run (i.e., less than 9 min), but not formate, under the
following conditions: 3.5 mM Na2CO3 plus 1.0 mM NaHCO3 with a flow rate of 1.2 mL min−1. Therefore, it
was necessary to adapt a second run with a 2.0 mM Na2B4O7 solution as an eluent under a flow rate of
0.8 mL min−1 for the separation of organic ions, which considerably enlarged the analysis time. For the
ail
ainwater

Allsep A-2 column, using an eluent mixture of 1.2 mM Na2CO3 plus 1.5 mM NaHCO3 with a flow rate of
1.6 mL min−1, it was possible to separate almost all anions in one run within 25 min, except the fluoride-
acetate critical pair. A Certified Multianion Standard Solution PRIMUS for IC was used for the validation of
the analytical methods. The lowest RSDs (less than 1%) and the best LODs (0.02, 0.2, 0.16, 0.11, 0.06, 0.05,
0.04, 0.14 and 0.09 mg L−1 for F−, Ac−, For−, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−, respectively) were

achieved using the IC SI-50 4E column. This column was applied for the separation of concerned ions in
ion sa
environmental precipitat

. Introduction

Ion chromatography (IC) remains one of the most powerful
nstrumental techniques for the determination of inorganic anions
nd organic acids in different environmental samples, such as natu-
al waters [1,2], snow [3,4], ice [4,5], rain [6,7], and air [8,9]. It is well
nown that inorganic and low-molecular-mass organic acids play
n important role in the formation of acidic precipitation. Organic
cids, chiefly formic and acetic acid, are ubiquitous in the tropo-
phere, formed by photochemical oxidation of many primary com-
ounds originating from natural and anthropogenic sources [10].
he acidity can also be connected with the high emission of sulphur
nd nitrogen oxides, which are converted into sulphuric and nitric

cids under atmospheric conditions. Moreover, an anionic contri-
ution to atmospheric pollution in the form of fluoride and chloride
ay originate from different industrial processes [11]. Therefore, it

s important to monitor the level of organic and inorganic species

∗ Corresponding author. Tel.: +32 3 820 23 81; fax: +32 3 820 23 76.
E-mail address: agnieszka.krata@ua.ac.be (A. Krata).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.044
mples such as snow, hail and rainwater.
© 2009 Elsevier B.V. All rights reserved.

in various environmental compartments. As it was mentioned, IC is
widely used for this purpose, because it offers a number of advan-
tages, including high sensitivity and selectivity, possibility of multi-
ion determinations, stability, and reliability [12,13]. The availability
of analytical columns with different stationary phases has provided
a range of options for the separation of various ions. The most often
applied commercial columns for IC measurements designed for the
analysis of major inorganic anions (i.e., F−, Cl−, NO2

−, Br−, NO3
−,

HPO4
2−, and SO4

2−) are: IonPac AS4A-SC [1,14], IonPac AS9-HC [15],
IonPac AS11 [16,17], and IonPac AS14 [1,18,19], produced by Dionex
(Sunnyvale, CA, USA). They are packed with a resin consisting
of ethylvinylbenzene (EVB) crosslinked with 55% divinylbenzene
(DVB), which make the columns 100% solvent-compatible. These
analytical columns were used for the separation of the concerned
ions in various natural samples, generally under isocratic elution
[14–17], and occasionally under gradient elution [19]. As the man-

ufacturer states, the aforementioned columns can also be adapted
for the separation of low-molecular-mass organic acids, especially,
formate and acetate, even along with major inorganic anions. On the
analytical column IonPac AS4-SC, with an increasing concentration
of Na2B4O7 eluent from 4.9 to 24.5 mM, the F−, acetate, formate,
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All the reagents were of analytical grade. Standard solutions of
A. Krata et al. / Ta

l−, NO3
−, PO4

3−, and SO4
2− were quantified in one run (12 min)

rom natural water samples from peatlands [20]. Also, this column
as applied for the separation of seven major anions together with

cetate, formate, lactate, and oxalate in snow and ice samples from
ountain glaciers—it was possible under gradient elution and with
a2B4O7 as an eluent within 14 min analysis time [4].

Jauhiainen et al. [5] used the IonPac AS9-HC for the separa-
ion of acetate, formate, methylsulphonate (MSA−), Cl−, Br−, NO3

−,
nd SO4

2− in ice core samples. However, the isocratic elution of
ll anions in one run was not possible, because of the excessively
ong retention times for NO3

− and SO4
2− and largely broadened

eaks. A gradient elution was also found to be inadequate in this
ase as the suppressor was not able to lower the baseline conductiv-
ty efficiently, e.g., the baseline raised from 16 to 30 �S when using
gradient from 2.5 to 9 mM Na2CO3. Thus, ions were determined

n two steps: first, acetate, formate, and MSA− with 12 mM NaHCO3
s an eluent and later, after 1–2 days, common anions were eluted
ith a solution of 12.5 mM Na2CO3. The same column was used by
offmann et al. [21] for the analysis of F−, acetate, formate, Cl−,
O2

−, Br−, NO3
−, and SO4

2− in rain and snow samples. In this case,
t was not possible to separate F−, acetate, and formate under iso-
ratic elution with a mixture of 2 mM Na2CO3 and 0.75 mM NaHCO3
s an eluent. Therefore, a gradient separation was developed with
wo eluents: (1) 0.02 mM Na2CO3 plus 0.05 mM NaHCO3; and (2)
mM Na2CO3 plus 0.75 mM NaHCO3, which had the property to

esolve all investigated ions within a total analysis time of less than
0 min.

The analytical column, IonPac AS11, was applied for the sepa-
ation of F−, acetate, formate, Cl−, NO3

−, and SO4
2− in rainwater

amples [7]. However, it was necessary to use two different iso-
ratic methods: (1) firstly, Cl−, NO3

− and SO4
2− were adequately

etermined by using 21 mM NaOH as an eluent; and (2) secondly,
−, acetate and formate were eluted in a solution of 0.5 mM NaOH.
n elution step change with 42 mM NaOH was used to quickly purge
etained matrix components from the column. It should be men-
ioned that poor resolution of F− and acetate peaks was occasionally
btained, and as a consequence, a relatively poor reproducibility
or both ions was achieved. Jaffrezo et al. [3] also used an IonPac
S11 for the separation of acetate, formate, Cl−, NO2

−, NO3
−, SO4

2−,
nd heavier dicarboxylic acids in snow samples, but by an eluent
ith a quaternary gradient composition in the order of (1) 2.5 mM
aOH, (2) 100 mM NaOH, (3) methanol (90% in H2O), and (4) H2O.
easurement was completed after 12 min. The separation for inor-

anic anions and acetate, propionate, formate, and oxalate in one
un was achieved by Jackson et al. [22] using an IonPac AS17 col-
mn and 16 min analysis time. For elution, gradient conditions with
oncentrations from 1 mM to 25 mM KOH with an automated elu-
nt generator EG40 in conjunction with the analytical column were
pplied. This method was used for the determination of anions in
nvironmental samples such as drinking, raw and surface water,
omestic and industrial wastewater, and soil extract.

On the base of the literature survey, it seems that the separation
f major inorganic and low-molecular-mass organic anions under
socratic conditions was not possible in a single run [5,7,21]. Diffi-
ulties lie mostly in two aspects: (1) the problem with separating
he critical pairs of ions, such as the F− and acetate, and also the
cetate and formate, because they are very close in their affinities;
nd (2) retention times for NO3

− and SO4
2− become extensively

ong and impractical, moreover, the tailing of chromatographic sig-
als has been observed. In order to resolve these problems, it was
ecessary: (1) to employ two separate runs, one by one, with a
insing step on the same column [5,7]; or (2) to use an automatic

olumn switching for the simultaneous separation of inorganic and
rganic ions on two different analytical columns [23]; or (3) to use
combination of isocratic and gradient methods [24]. On the other
and, the separation of inorganic and organic anions in a single run
79 (2009) 16–21 17

was possible under gradient elution [3,4,20–22]. However, it should
be stressed that gradient elution is nowadays, on a lot of widely
used types of ion chromatographs, almost impossible to apply, e.g.,
on a Dionex DX-120. Also for routine analysis, isocratic elution is
the preferred separation mode. Some reasons that may justify this
prevalence are the lower cost, simpler instrumentation, and the
fact that there is no need of column re-equilibration between con-
secutive injections, which needs extra time. Therefore, in many
laboratories a gradient procedure is not advisable or not possible.

The aim of this study was to systematically investigate the
separation of low-molecular-mass organic acids (i.e., acetate and
formate), and inorganic anions (i.e., F−, Cl−, NO2

−, Br−, NO3
−,

HPO4
2−, and SO4

2−) in one run under isocratic elution. Three dif-
ferent analytical anion-exchange columns were compared: IonPac
AS14 (9 �m particle size), Allsep A-2 (7 �m particle size) and IC
SI-50 4E (5 �m particle size). In a previous work [9], optimal con-
ditions were found for the separation of acetate and formate under
isocratic elution on three aforementioned columns. Therefore, it
was interesting to study whether it could be possible to find suit-
able conditions for the separation of both organic and inorganic
anions under isocratic elution in a single run. All three analytical
columns were validated with the use of the certified primary refer-
ence material PRIMUS for IC and after that the most suitable column
was applied for the separation of the concerned ions in real samples
such as snow, hail and rainwater.

2. Experimental

2.1. Sampling

Snow, hail and rainwater samples were collected manually and
strictly by events in January and February 2008 in Antwerp (Bel-
gium), using polyethylene bottles with wide funnels. Bottles for
collecting rainwater were placed on the roof of building of the
Department of Chemistry, University of Antwerp. For sampling
snow and hail, polyethylene spoons were used. The frozen sam-
ples were thawed just before the analysis. All the solutions were
filtered by Millex-GV Syringe Driven Filter Unit 0.22 �m (Millipore,
Carrigtwohill, Co. Cork, Ireland) before measurements.

2.2. Apparatus

All the measurements were carried out on a Dionex model
DX-120 (Sunnyvale, CA, USA) ion chromatograph equipped with a
Dionex AS-50 autosampler. A 20 �l aliquot of the sample/standard
solution was loaded into the eluent-stream. The ions were detected
by suppressed conductivity of the eluent using an ASRS-ULTRA
self-regenerating suppressor column (Dionex). Data acquisition,
construction of calibration curves and peak integration were
achieved with the aid of the Peaknet® Dionex software package,
version 6.11.

For the separation of the concerned ions, three columns were
used: (i) an IonPac AS14 (250 mm × 4 mm I.D.) analytical column
with an AG14 (50 mm × 4 mm I.D.) guard column produced by
Dionex, (ii) an Allsep A-2 column (150 mm × 4.6 mm I.D.) with a
GA-1 (7.5 mm × 4.6 mm I.D.) guard column, produced by Alltech
(Deerfield, IL, USA), and (iii) IC SI-50 4E (250 mm × 4 mm I.D.) with
an IC SI-90G (10 mm × 4.6 mm I.D.) guard column, produced by
Shodex (Kyoto, Japan).

2.3. Reagents
F−, Cl−, NO2
−, Br−, NO3

−, HPO4
2− and SO4

2− were prepared by
appropriate dilution of their stock solution “Seven Anion Standard
II” (20 �g mL−1 of F−; 100 �g mL−1 of Cl−, NO2

−, Br−, NO3
− and

SO4
2−; and 200 �g mL−1 of HPO4

2−; Dionex) in Milli-Q water. Stan-



1 lanta 79 (2009) 16–21

d
d
s
p
i
a
a
Q
J

p
S
a

t
a
w

2

u
r
a
o
m

(

(

(

(

e
P
N
1
N
u
a
t
a
1
I
0

(
N
N
0

w
N
a
r

3

3

a

3
not observed on the chromatogram. The separation was possible
in less than 18 min and retention times of 6.6 min, 7.4 min, 7.7 min,
9.6 min, 11.4 min, 14.4 min and 16.7 min for F−, Ac−, For−, Cl−, NO2

−,
HPO4

2− and SO4
2− were obtained, respectively (Fig. 2). At flow rates
8 A. Krata et al. / Ta

ard solutions of acetate and formate were prepared by appropriate
ilution of their stock solutions (each 1000 �g mL−1, Merck, Darm-
tadt, Germany) in Milli-Q water. The Na2B4O7 eluent solution was
repared by dissolving appropriate amounts of Na2B4O7 (Merck)

n Milli-Q water. Eluents containing mixtures of Na2CO3/NaHCO3
t various concentrations were prepared by dissolving appropriate
mounts of Na2CO3 (Merck) and NaHCO3 (Merck) powders in Milli-
water. Accurate weighing of chemicals was performed on a Chyo

L-180 model (Japan) analytical balance.
A certified primary reference material for ion chromatogra-

hy PRIMUS (Multielemental Ion Chromatography Anion Standard
olution) containing of 10 mg L−1 ±0.2% F−, Cl−, Br−, NO3

−, HPO4
2−

nd SO4
2−, for each was used.

The calibration curves were constructed with five standard solu-
ions. Each standard/sample solution was measured in triplicate
nd average concentrations and their standard deviations (SDs)
ere calculated.

.4. Separation procedure

For the optimization of the separation procedure of all anions
nder isocratic elution and taking into account the fact that the
esolution could depend on the amount of one analyte, which could
ffect the response of the next one in the chromatogram, a variety
f standard combinations was tested. Their anion contents were in
g L−1:

1) 0.2 of F− + 5 of Ac− + 2 of For− + 1 of Cl−, NO2
−, Br−, NO3

−, SO4
2−

each + 2 of HPO4
2−;

2) 1 of F− + 10 of Ac− + 5 of For− + 5 of Cl−, NO2
−, Br−, NO3

−, SO4
2−

each + 10 of HPO4
2−;

3) 2 of F− + 50 of Ac− + 20 of For− + 10 of Cl−, NO2
−, Br−, NO3

−,
SO4

2− each + 20 of HPO4
2−;

4) 4 of F− + 100 of Ac− + 50 of For− + 20 of Cl−, NO2
−, Br−, NO3

−,
SO4

2− each + 40 of HPO4
2−.

In order to achieve the best separation of all ions, different
luents for each column were tested. In the case of the Ion-
ac AS14, the composition of eluents was as follows: (I) 0.8 mM
aHCO3/2.0 mM Na2CO3; (II) 0.8 mM NaHCO3/2.5 mM Na2CO3; (III)
.0 mM NaHCO3/3.2 mM Na2CO3; and (IV) 1.2 mM NaHCO3/3.6 mM
a2CO3. In our previous study [9], it was found that with the
se of an eluent of 2 mM Na2B4O7, it was possible to separate
cetate and formate under isocratic elution. Therefore, solu-
ions of Na2B4O7 with various concentrations were also tested
s an eluent: (I) 1.0 mM Na2B4O7; (II) 1.2 mM Na2B4O7; (III)
.5 mM Na2B4O7; (IV) 2.0 mM Na2B4O7; and (V) 3.0 mM Na2B4O7.
n all cases the eluent flow rate was studied in the range of
.8–1.5 mL min−1.

For the Allsep A-2 column, the following eluents were tested:
I) 0.9 mM NaHCO3/1.2 mM Na2CO3; (II) 1.5 mM NaHCO3/1.2 mM
a2CO3; (III) 1.8 mM NaHCO3/1.6 mM Na2CO3; and (IV) 2.1 mM
aHCO3/1.6 mM Na2CO3. The eluent flow rate in the range of
.8–1.8 mL min−1 was investigated.

In the case of the IC SI-50 4E column, the composition of eluents
as as follows: (I) 0.8 mM NaHCO3/2.4 mM Na2CO3; (II) 1.0 mM
aHCO3/2.8 mM Na2CO3; (III) 1.0 mM NaHCO3/3.2 mM Na2CO3;
nd (IV) 1.2 mM NaHCO3/3.6 mM Na2CO3. The eluent flow rate
anged from 0.7–1.2 mL min−1.

. Results and discussion
.1. Conditions for the separation of investigated ions

In the case of the IonPac AS14 column and with the use of
mixture of 1.0 mM NaHCO3 and 3.2 mM Na2CO3 buffer solu-
Fig. 1. Separation of 1 mg L−1 of F− , 10 mg L−1 of Ac− , 5 mg L−1 of Cl− , NO2
− , Br− ,

NO3
− , SO4

2− each and 10 mg L−1 of HPO4
2− standard solution on an IonPac AS14

column using a mixture of 1.0 mM NaHCO3 and 3.2 mM Na2CO3 as an eluent.

tion as an eluent at a flow rate of 1.2 mL min−1, sharp peaks and
nearly baseline separation of all seven inorganic anions and Ac−

was obtained. However, under these conditions, no peak from For−

was observed. This composition of the mobile phase was suggested
by the manufacturer, mostly for the routine analysis of inorganic
ions. The separation was possible within 9 min and the retention
times of 2.6 min, 2.9 min, 3.4 min, 3.8 min, 4.5 min, 5.1 min, 6.7 min
and 7.7 min for F−, Ac−, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−

were observed, respectively (Fig. 1). It was noticed that with the
use of a flow rate lower than 1.2 mL min−1, tailing of the chro-
matographic signals occurred, especially, in the case of HPO4

2− and
SO4

2−. Additionally, the retention times for all peaks were longer
and the separation between F− and Ac− was not acceptable. On
the other hand, using a flow rate of e.g. 1.5 mL min−1 caused that
the column pressure quickly rose above the maximum permissible
level of the IC system.

As it was mentioned, on the IonPac AS14 column also a Na2B4O7
solution at various concentrations and under different flow rates
was tested in order to get separation of all investigated ions in a
single run. Baseline separation of Ac−, For− and five inorganic ions
as F−, Cl−, NO2

−, HPO4
2− and SO4

2− with the use of 2.0 mM Na2B4O7
solution as an eluent at a flow rate of 0.8 mL min−1 was achieved.
However, under these conditions, the peaks of Br− and NO − were
Fig. 2. Separation of 1 mg L−1 of F− , 10 mg L−1 of Ac− , 5 mg L−1 of For− , Cl− , NO2
− ,

SO4
2− each, and 10 mg L−1 of HPO4

2− standard solution on an IonPac AS14 column
using 2.0 mM Na2B4O7 as an eluent.
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Table 1
Concentrations of ions detected in a certified standard solution PRIMUS after separation on the IonPac AS14 column (eluent (a) 1.0 mM NaHCO3 plus 3.5 mM Na2CO3 buffer
solution; or (b) 2.0 mM Na2B4O7 solution).

Anion Concentration, mg L−1 (±SD)

PRIMUS IonPac AS14 PRIMUS IonPac AS14 PRIMUS IonPac AS14

(a)
F− 2 2.10 ± 0.06 5 5.11 ± 0.12 10b 10.1 ± 0.05
Ac− 10a 10.4 ± 0.20 20a 20.3 ± 0.20 50a 50.4 ± 0.20
For− 5a – 10a – 20a –
Cl− 2 2.09 ± 0.06 5 5.01 ± 0.07 10b 10.1 ± 0.10
Br− 2 1.99 ± 0.07 5 5.08 ± 0.08 10b 10.2 ± 0.09
NO3

− 2 2.10 ± 0.06 5 4.95 ± 0.04 10b 10.0 ± 0.07
HPO4

2− 2 1.98 ± 0.06 5 4.96 ± 0.06 10b 10.2 ± 0.08
SO4

2− 2 2.01 ± 0.05 5 5.01 ± 0.05 10b 10.1 ± 0.05

(b)
F− 2 2.12 ± 0.04 5 5.09 ± 0.10 10b 10.3 ± 0.05
Ac− 10a 10.5 ± 0.20 20a 20.6 ± 0.10 50a 50.6 ± 0.20
For− 5a 5.18 ± 0.07 10a 10.3 ± 0.20 20a 20.3 ± 0.30
Cl− 2 1.98 ± 0.05 5 4.99 ± 0.08 10b 9.94 ± 0.12
Br− 2 – 5 – 10b –
NO3

− 2 – 5 – 10b –
HPO4

2− 2 1.78 ± 0.08 5 4.69 ± 0.10 10b 9.64 ± 0.09
S

h
i

i
N
r
w
a
a
8
F
I
w
o

a
1
o
b
o
1
H

F
C
A

O4
2− 2 1.83 ± 0.09 5

a Spiked Ac− and For− .
b Without spiked Ac− and For− .

igher than 1 mL min−1, baseline separation of Ac− and For− was
mpossible.

For the Allsep A-2 column, baseline separation of almost all
nvestigated ions was achieved when using a mixture of 1.5 mM
aHCO3 and 1.2 mM Na2CO3 buffer solution as an eluent, at a flow

ate of 1.6 mL min−1. However, under these conditions, F− and Ac−

ere not resolved sufficiently and this critical pair could not be
ccurately quantified. The separation was complete after 25 min
nd retention times of 2.5 min, 2.7 min, 3.2 min 4.8 min, 6.5 min,
.8 min, 10.8 min, 19.7 min and 22.4 min were observed for F−, Ac−,
or−, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−, respectively (Fig. 3).

t was also noticed that when a flow rate lower than 1.5 mL min−1

as used, the signals of ions become broad, especially in the case
f NO3

−, HPO4
2− and SO4

2−.
In the case of the IC SI-50 4E column, complete baseline sep-

ration of all concerned ions was achieved by using an eluent of
.0 mM NaHCO3 plus 3.2 mM Na2CO3 buffer solution at a flow rate

−1
f 1.0 mL min . Under these conditions, the separation was possi-
le within a single run of less than 17 min with retention times
f 3.5 min, 3.8 min, 4.3 min, 5.6 min, 6.9 min, 8.8 min, 10.3 min,
3.0 min and 15.2 min for F−, Ac−, For−, Cl−, NO2

−, Br−, NO3
−,

PO4
2−, and SO4

2−, respectively (Fig. 4). The same eluent com-

ig. 3. Separation of 1 mg L−1 of F− , 10 mg L−1 of Ac− , 5 mg L−1 of For− , 5 mg L−1 of
l− , NO2

− , Br− , NO3
− , SO4

2− each and 10 mg L−1 of HPO4
2− standard solution on an

llsep A-2 column with an eluent mixture of 1.5 mM NaHCO3 and 1.2 mM Na2CO3.
4.73 ± 0.06 10b 9.81 ± 0.12

position is also suggested for the separation with a flow rate
of 0.7 mL min−1 by the manufacturer. However, a flow rate of
1.0 mL min−1 was found to be the most suitable one for the sep-
aration.

3.2. Validation of the analytical methods

In order to validate the three analytical columns, a Certified Mul-
tianion Standard Solution PRIMUS for IC was used. This standard
solution did not contain Ac− and For−, therefore, working solutions
were spiked with known amounts of these two ions. For this pur-
pose, three validation standards regarding to low, medium and high
concentrations of analytes were used. Their anion contents were in
mg L−1:

(1) 2 of F−, Cl−, Br−, NO3
−, HPO4

2− and SO4
2− each and 10 of Ac−

and 5 of For−;

(2) 5 of F−, Cl−, Br−, NO3

−, HPO4
2− and SO4

2− each and 20 of Ac−

and 10 of For−;
(3) 10 of F−, Cl−, Br−, NO3

−, HPO4
2− and SO4

2− each and 50 of Ac−

and 20 of For−.

Fig. 4. Separation of 1 mg L−1 of F− , 10 mg L−1 of Ac− , 5 mg L−1 of For− , 5 mg L−1 of
Cl− , NO2

− , Br− , NO3
− , SO4

2− each and 10 mg L−1 of HPO4
2− standard solution on an

IC SI-50 4E column using a mixture of 1.0 mM NaHCO3 and 3.2 mM Na2CO3 as an
eluent.
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Table 2
Concentrations of ions detected in a certified standard solution PRIMUS after separation on the Allsep A-2 column.

Anion Concentration, mg L−1 (±SD)

PRIMUS Allsep A-2 PRIMUS Allsep A-2 PRIMUS Allsep A-2

F− 2 2.31 ± 0.09 5 5.11 ± 0.26 10b 11.3 ± 0.50
Ac− 10a 11.5 ± 0.30 20a 24.9 ± 0.60 50a 51.3 ± 0.90
For− 5a 5.26 ± 0.05 10a 10.6 ± 0.20 20a 20.5 ± 0.10
Cl− 2 1.98 ± 0.08 5 4.63 ± 0.08 10b 9.73 ± 0.06
Br− 2 1.82 ± 0.05 5 4.70 ± 0.06 10b 9.59 ± 0.06
NO3

− 2 2.02 ± 0.07 5 4.90 ± 0.08 10b 9.82 ± 0.07
HPO4

2− 2 1.40 ± 0.10 5 4.42 ± 0.13 10b 9.67 ± 0.10
SO4

2− 2 1.60 ± 0.10 5 4.44 ± 0.14 10b 9.64 ± 0.07

a Spiked Ac− and For− .
b Without spiked Ac− and For− .

Table 3
Concentrations of ions detected in a certified standard solution PRIMUS after separation on the IC SI-50 4E column.

Anion Concentration, mg L−1 (±SD)

PRIMUS IC SI-50 4E PRIMUS IC SI-50 4E PRIMUS IC SI-50 4E

F− 2 2.04 ± 0.02 5 5.06 ± 0.03 10b 10.1 ± 0.03
Ac− 10a 10.2 ± 0.20 20a 20.4 ± 0.10 50a 50.2 ± 0.10
For− 5a 5.10 ± 0.09 10a 10.2 ± 0.10 20a 20.2 ± 0.10
Cl− 2 2.01 ± 0.01 5 5.03 ± 0.04 10b 10.0 ± 0.01
Br− 2 2.02 ± 0.02 5 4.96 ± 0.06 10b 10.1 ± 0.02
NO3

− 2 2.00 ± 0.02 5 5.01 ± 0.01 10b 10.0 ± 0.05
HPO4

2− 2 2.00 ± 0.04 5 5.00 ± 0.03 10b 10.1 ± 0.01
S
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2− 2 2.01 ± 0.01 5

a Spiked Ac− and For− .
b Without spiked Ac− and For− .

The determinations were carried out with the use of optimal
onditions for each column. The results with the corresponding SDs
re listed in Tables 1–3. It was noted that the determined values
f high concentrations of inorganic anions were obtained directly
rom standard solution PRIMUS without spiked Ac− and For− ions.

very good recovery (between 99 and 102%) of all detected ions in
he measured concentrations range was observed with the use of
he IC SI-50 4E column (Table 3). Also, on the IonPac AS14 column
sing NaHCO3 plus Na2CO3 buffer solution as an eluent, a recovery
f 99–102% was found for all ions at medium and high concentra-
ions. In the case of anions with low concentrations a recovery till
05% was noticed (Table 1a). With the use of Na2B4O7 solution as
n eluent, a recovery of 99–103% was achieved for F−, Ac−, For−

nd Cl− and around 95% for HPO4
2− and SO4

2− when anions repre-
ented at medium and high levels. For low analyte concentrations,
recovery of 89–106% was found (Table 1b). The results obtained
n the Allsep A-2 column were not satisfactory for anions in the
easured concentration range and the recovery ranged from 125%

or Ac− to 70% for HPO4
2− (Table 2).

.3. Analytical performance
As a part of the method elaboration, the analytical perfor-
ance of the methods, for example, the relative standard deviations

RSDs) and limits of detection (LOD − corresponding to 3 × SD
blank)/slope) for each analytical column were calculated. With the
se of NaHCO3 plus Na2CO3 buffer solution (or Na2B4O7 solution)

able 4
ypical concentrations of inorganic ions and recovery of spiked organic ions detected in r

ample Concentration, mg L−1 (±SD)

F− Cl− NO3
−

now 0.12 ± 0.01 1.55 ± 0.02 1.51 ± 0.06
ail 0.22 ± 0.01 9.80 ± 0.07 7.71 ± 0.09
ain 0.10 ± 0.01 4.27 ± 0.05 0.66 ± 0.04
5.03 ± 0.06 10b 10.1 ± 0.02

as an eluent for the separation on the IonPac AS14, RSDs of 2.4 (3.8),
1.2 (3.1), 1.5 (2.2), 1.2, 1.0, 1.3 (4.0) and 0.9 (3.6)% (%), and LODs of
0.03 (0.04), 0.48 (0.60), 0.15 (0.23), 0.08 (0.16), 0.05, (0.05), 0.14
(0.32), and 0.09 (0.28) mg L−1 (mg L−1) were achieved for F−, Ac−,
Cl−, NO2

−, Br−, NO3
−, HPO4

2−, and SO4
2−, respectively (for For−

RSD = 4.2% and LOD = 0.37 mg L−1). Upper limit of the linear range
(UL) of calibration for all investigated anions was found 100 mg L−1,
except Ac− and HPO4

2− – 200 mg L−1. In the case of the Allsep A-2
column, RSDs of 5.0, 3.2, 3.1, 1.8, 1.6, 1.3, 1.6, 4.2 and 5.1%, and LODs
of 0.03, 0.56, 0.46, 0.21, 0.12, 0.08, 0.09, 0.34 and 0.38 mg L−1 were
obtained for F−, Ac−, For−, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−,

respectively. For all the measured ions UL was found 100 mg L−1,
except Ac− – 300 mg L−1 and HPO4

2− – 200 mg L−1. The lowest RSDs
and the best LODs were achieved using the IC SI-50 4E column: for
all investigated anions, the RSDs were less than 1% and the LODs
were 0.02, 0.2, 0.16, 0.11, 0.06, 0.05, 0.04, 0.14 and 0.09 mg L−1 for F−,
Ac−, For−, Cl−, NO2

−, Br−, NO3
−, HPO4

2− and SO4
2−, respectively.

The UL was found to be similar as with the used of the IonPac AS14
column, except for Ac− – 500 mg L−1 and For− – 200 mg L−1.

3.4. Application of the optimized method to environmental
samples
Baseline separation of all investigated ions in a single iso-
cratic run was achieved on the IC SI-50 4E column. Therefore,
this column was applied for the separation of ions in environ-
mental samples, such as snow, hail, and rainwater. In all samples

eal samples after separation on the IC SI-50 4E column.

Recovery, % (±SD)

SO4
2− Ac− For−

1.09 ± 0.03 102.9 ± 1.6 106.3 ± 3.0
8.91 ± 0.22 104.5 ± 1.9 105.5 ± 3.5
0.53 ± 0.03 103.0 ± 1.7 104.1 ± 1.8
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ig. 5. Separation of low-molecular-mass organic acids and inorganic anions in real
amples on an IC SI-50 4E column under optimized conditions.

aken for analysis, four inorganic ions like: F−, Cl−, NO3
− and

O4
2− were detected. Ions like Ac− and For− were found slightly

igher than their LODs [9], therefore, all samples were spiked with
mg L−1 Ac− and 2 mg L−1 For−. The concentrations of the quan-

ified inorganic anions and the recoveries of spiked organic acids
re given in Table 4. Examples of chromatograms for the real sam-
les are depicted on Fig. 5. As can be seen, for all investigated
amples, the resolution was baseline and the detected peaks were
harp.

. Conclusions

This study aimed at the separation of low-molecular-mass
rganic acids (i.e., Ac− and For−), and inorganic anions (i.e., F−, Cl−,

O2

−, Br−, NO3
−, HPO4

2−, and SO4
2−) in one analytical IC cycle

nder isocratic elution on three different analytical columns: Ion-
ac AS14, Allsep A-2, and IC SI-50 4E. On the IonPac AS14 column,
t was impossible to separate all concerned ions in a single run.
herefore, it was necessary to apply two-step elution with different

[
[

[
[
[

79 (2009) 16–21 21

solutions as an eluent. In the first step, a buffer solution of 1.0 mM
NaHCO3 plus 3.5 mM Na2CO3 as an eluent was used for the separa-
tion of seven inorganic ions. In the second step, a solution of 2.0 mM
Na2B4O7 as an eluent for the separation of Ac− and For− ions was
applied. In the case of the Allsep A-2 column, it was also impos-
sible to separate all investigated ions in one run. The resolution
of F− and Ac− was not acceptable, and it was difficult to quantify
these analytes. The chromatographic signals of HPO4

2− and SO4
2−

were broadened and these peaks had long retention times. Also, the
results of the validation procedure were not satisfactory. Using iso-
cratic elution and a mixture of 1.0 mM NaHCO3 plus 3.2 mM Na2CO3
as an eluent, it was possible to resolve all concerned ions on the IC
SI-50 4E column within a single run of fairly short analysis time.
All ions were baseline separated and had sharp peaks. The valida-
tion procedure and practical analysis of the real samples proved
the utility of this analytical column to the routine determination of
low-molecular-mass organic acids and basic inorganic anions in a
wide range of environmental precipitation samples.
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a b s t r a c t

A novel, inexpensive and fast method based on the electrooxidation of glycerol on platinum electrodes
by the potential cycling technique has been designed for the determination of free glycerol in biodiesel.
A wide range of linearity was achieved between 15 and 150 mg L−1 (0.16 and 1.6 mmol L−1), which cor-
responds to concentrations ranging between 56 and 560 mg kg−1 (glycerol:biodiesel) for an extraction
using 2 g biodiesel. A method for the fast extraction of glycerol from biodiesel with water followed by
eywords:
iodiesel
ree glycerol
latinum
otential cycling technique

elimination of organic interferents has also been developed, so that the novel determination method can
be applied to various biodiesel samples. The excellent repeatability allows determination of glycerol in
numerous samples, with no need for recalibration.

© 2009 Elsevier B.V. All rights reserved.
yclic voltammetry
uality control

. Introduction

Biodiesel is an alternative to petroleum-derived diesel fuel. It
s a renewable and biodegradable energy source composed of alkyl
sters of long chain fatty acids generated from vegetable oils or ani-
al fat. It can be used as a fuel itself or blended with diesel, thus

educing our dependence on imported oil and decreasing green-
ouse gases emission as well as particulate matter discharge into
he air of major cities.

Transesterification of triacylglycerols with short-chain alcohols
s the most commonly employed process for biodiesel production
1]. After the reaction is completed and the mixture is allowed to
est, two phases separate: a less dense organic phase consisting
f fatty acid esters, and a denser phase composed of glycerol and
ther residual components. After the separation process, the top
ayer is then repeatedly washed with water, to eliminate glycerol
nd unwanted impurities. However, small amounts of glycerol still
emain in the organic phase, with an estimated solubility around
00 mg kg−1 at 0 ◦C. Nevertheless, because glycerol is easily dis-

ersed in esters, solubility values between 300 and 500 mg kg−1

an be reached [2]. The presence of soaps in the organic phase may
ggravate the situation by increasing the solubility of free glycerol
n this layer.

∗ Corresponding author. Tel.: +55 16 3301 6621; fax: +55 16 3322 7932.
E-mail address: lemarlou@iq.unesp.br (L.M. Lourenço).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.013
A mixture of fatty acid esters can be commercialized as biodiesel
if it meets the requirements imposed by regulations. The pres-
ence of glycerol in biodiesel is undesirable because it is responsible
for lower engine performance [3], fuel tank damage, and possible
release of acrolein into the atmosphere, which takes place when
fuel burning occurs at temperatures above 180 ◦C [4]. Therefore,
the amount of glycerol in the fuel should be kept to a minimum.
Requirements of the Brazilian regulatory agency “Agência Nacional
do Petróleo” (National Petroleum Agency, ANP) specifying the qual-
ity of biodiesel B100 (Technical regulation ANP number 1/2008),
as described by the ABNT NBR 15341:2006 standard, rule that the
amount of free glycerol in biodiesel should not exceed 0.02% m/m
(200 mg kg−1) [5]. This follows the same maximum free glycerol
concentration fixed by the European EN 14214 standard (described
in the tests EN 14105:2006 and EN 14106:2006) and the ASTM
D6584 standard.

Many methods for the determination of free glycerol in biodiesel
have been reported. Special emphasis has been given to chro-
matographic methods [6–12], while photometric methods are
particularly interesting because of their simplicity and low cost
[13,14]. An extraction phase is necessary in all the methods, except
for gas chromatography. A solvent mixture, such as hexane/water
[11] and hexane/hydroalcoholic mixture [2,6], or simply water

under bubbling [12], is usually employed in the extraction. The
well-known miscibility between glycerol and water allows for
the extraction of this contaminant with water only. However,
glycerol extraction with organic solvents is also often employed,
so that better phase separation can be achieved after a resting
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eriod, which can last as long as 2 h. To date, only one method
mploying an electroanalytical technique has been reported [11],
ut it must be coupled with high performance liquid chromatog-
aphy (HPLC). In this method [11], glycerol is extracted from
iodiesel by a hexane/water mixture, followed by stirring, decanta-
ion, and separation between the aqueous and organic phases.
he aqueous phase is then injected into an HPLC system (mobile
hase = NaOH 0.5 mol L−1) coupled with an electrochemical detec-
or that employs pulse amperometry. Gold is used as working
lectrode.

The electrochemical behavior of alcohols on platinum and gold
lectrodes and the problems related to their electrooxidation have
een long known [15]. It is common knowledge that adsorbed
lcohol molecules are oxidized at all applied potentials, and the
enerated products depend mainly on the applied potential and
he pH of the electrolyte. At potentials close to the oxygen evolu-
ion reaction, the dissociative oxidation of glycerol occurs, leading
o the formation of formic acid, oxalic acid, and glycolic acid.

hen the potential is fixed at values around 0.75 V versus RHE,
lyceraldehyde is produced [16]. Only platinum electrodes are elec-
roactive in acidic medium. Both platinum and gold electrodes,
articularly the latter, give relatively high current densities in
lkaline medium [17]. The electrocatalytic activity of platinum
as also been demonstrated to significantly increase when Pt–Au
lloy electrodes are employed, being the maximum electroactivity
btained when 35% gold is present in the electrode composition
18]. The proposed mechanisms involve adsorbed hydroxyl radi-
als, which are assumed to participate in the oxygen transfer step
17,19].

The adsorption and oxidation of glycerol on platinum electrodes
as already been investigated by cyclic voltammetry coupled with

n situ FTIR spectroscopy. The results demonstrated that the oxi-
ation of glycerol at the platinum electrode is a complex surface
rocess that includes dehydrogenation, adsorption and dissociation
tages [20].

In view of the present interest in the design of novel precise,
ast methods for the determination of free glycerol in biodiesel and
ecause electroanalytical methods in this field are lacking, we have
eveloped a new reliable, inexpensive electroanalytical method for
he determination of glycerol based on glycerol oxidation at a plat-
num electrode.

. Experimental details

.1. Apparatus and reagents

Glycerol (99.5% purity) and acetone (PA) were acquired from
ynth. A solution prepared from HClO4 70%, purchased from Merck,
as employed as the supporting electrolyte. All the solutions were
repared with water purified in a Milli-Q (Millipore, USA) sys-
em.

A freshly prepared glycerol standard solution 10.01 ± 0.01 g L−1

as used to construct the analytical curves.
The soybean oil biodiesel samples were obtained from the

araná’s Technological Institute (TECPAR) in Brazil.
Voltammetric measurements were carried out in an AutoLab,

odel PGSTAT 30 potentiostat. A conventional 25 mL electrochem-
cal cell was employed, using a three-electrode arrangement. The

orking electrode was a platinum disk with an area of 0.125 cm2,
he auxiliary electrode was a platinum electrode, and Ag/AgCl(sat)
as the reference electrode.
Samples were vortex-mixed in a FANEM model 251 vortex mixer.
entrifugation was carried out in a FANEM EXCELSA BABY I model
06 centrifuge.

Solid-phase extractions were accomplished in Agilent Technolo-
ies AccuBond II ODS-C18 Cartridges 500 mg/6 mL.
Talanta 79 (2009) 92–96 93

2.2. Electroanalytical procedures

The working electrode was polished with alumina (0.3 �m) prior
to the electrochemical measurements and thoroughly washed with
deionized water. The clean platinum electrode was then submitted
to an activation process that consisted in 50 consecutive voltam-
metric cycles between −0.14 and +1.3 V versus Ag/AgCl(sat) in HClO4
100 mmol L−1 solution, at a sweep rate of 100 mV s−1. In the studies
where different acidity values were evaluated, activation in acidic
medium was carried out as described above, using the same acid
concentrations as those that were going to be employed in the
determinations. The peak current values used during the electro-
analytical measurements were those that fell between 0.4 and 0.8 V
versus Ag/AgCl(sat).

Twenty consecutive voltammetric cycles were performed for
each different sample of the analytical curve and in the quantita-
tive determinations, in triplicate. Only the last measurement was
recorded. The HClO4 concentration employed for construction of
the analytical curves was 100 mmol L−1.

The baseline obtained by extrapolation of the linear region prior
to the peak was employed for determination of the peak current
values in the cyclic voltammograms.

Concentration values in the quantifications were obtained from
the interpolation of the signal obtained in the analytical curve equa-
tion by application of the least squares method.

In order to build the analytical curve depicted in Sec-
tion 3.2, 12 samples with glycerol concentrations ranging
between 1.80 and 150 mg L−1 (1.95 × 10−2 and 1.63 mmol L−1)
were obtained from a freshly prepared glycerol standard solution
10.01 ± 0.01 g L−1.

2.3. Extraction procedures

Biodiesel B100 (2 g) was weighed in screw-cap test tubes with
a precision of 0.1 mg. Water (6.00 mL) was then added to the
tube, which was vortex-mixed for 5 min, followed by centrifuga-
tion for 10 min. The aqueous phase, containing glycerol and other
impurities, was drained and eluted in a C18 cartridge previously
conditioned with acetone (6 mL) and water (24 mL). The aqueous
phase was submitted to elution in the C18 cartridge, in order to
retain any traces of organic salts/compounds that might interfere
with the developed electrochemical method in the solid phase.
Then, a volume of exactly 4.00 mL was evaporated in a rotary evap-
orator until almost complete dryness.

Rotary evaporation was carried out at 200 mmHg (ca. 26.7 kPa)
and 80 ◦C for 7 min, which was required for the volume to be
reduced to slightly less than 1 mL. Rotary evaporation was accom-
plished in order to eliminate traces of methanol that are naturally
present in the acetone, which could interfere with the electrochem-
ical measurements. The evaporated sample was quantitatively
transferred to a 5.00 mL volumetric flask containing HClO4 at a
concentration of 100 mmol L−1.

The extraction procedure described above can be safely
employed for a biodiesel mass of up to 4 g, if necessary.

2.4. Preparation of the control sample

2.4.1. A glycerol-free matrix
In order to obtain a glycerol-free biodiesel sample, approxi-

mately 50 mL of the biodiesel were transferred to a separatory
funnel and washed with 50 mL portions of hot deionized water

until the aqueous phase became clear. Then, aliquots of the organic
phase with traces of water were drained and centrifuged, to achieve
a more satisfactory phase separation. The organic phases were then
drained and placed in a distilling flask at 105 ◦C for 3 h, to ensure
total elimination of the residual water. Analysis of the treated
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iodiesel by the method developed here confirmed the absence of
ree glycerol.

.4.2. Biodiesel sample with known free glycerol concentration
A glycerol-free biodiesel sample (10 g, weighed with a precision

f 0.1 mg, prepared as described in Section 2.4.1) was transferred
o a screw-cap test tube. A glycerol standard solution (160 �L from
0.01 ± 0.01 g L−1) was then added to this sample, and the resulting
ample was vortex-mixed for homogenization. The mixture was
hen placed in a distilling flask at 105 ◦C for 3 h, to ensure total
limination of residual water. The biodiesel prepared in this way
ad a known concentration of glycerol of 160 mg kg−1.

. Results and discussion

.1. Glycerol electrochemical behavior

The voltammetric behavior of a platinum electrode in the
bsence and in the presence of glycerol can be seen in Fig. 1.

Inhibition of the hydrogen adsorption/desorption (cathodic/
nodic sweep) peaks due to glycerol chemisorption is observed at
otentials lower than 0.11 V versus Ag/AgCl(sat), in the presence of
lycerol. During the cathodic potential sweep, a low glycerol oxi-
ation current at potentials in the double layer region can be seen
ollowed by a peak (A), between 0.4 and 0.8 V versus Ag/AgCl(sat).
his peak corresponds to the direct oxidation of glycerol on the
lectrode surface. There is also a small peak (B) between 0.7 and
.3 V versus Ag/AgCl(sat), due to the simultaneous anodic desorp-
ion of adsorbed glycerol and intermediates and the formation of
urface oxide on the Pt electrode. No peaks are observed between
.3 and 0.7 V versus Ag/AgCl(sat) during the cathodic sweep, which
ndicates that there is no activity of the oxide-covered surface for
lycerol oxidation. As for the 0.70–0.45 V versus Ag/AgCl(sat) poten-
ial range (C), there is cathodic reduction of the generated oxide
ayer, followed by a new oxidation between 0.45 and 0.20 V versus
g/AgCl(sat) (D).

According to Roquet et al. [16], who conducted a study on
he kinetics and mechanisms of the electrocatalytic oxidation of
lycerol using a glycerol concentration of 0.1 mol L−1, the quasi-
uperimposition of the curves during the positive and the negative

otential sweeps suggests small poisoning effects. But the fact that
he curves are not perfectly superimposed is presumably due to a
imiting rate of glycerol adsorption on the freshly reduced Pt surface
uring the relatively rapid negative potential sweep.

ig. 1. Voltammograms of a smooth platinum electrode in 100 mmol L−1 HClO4;
= 100 mV s−1; without (– – – –) and with (——) 1.54 mmol L−1 glycerol (after 20
onsecutive cycles).
Fig. 2. Consecutive voltammograms of a 1.08 mmol L−1 glycerol solution in HClO4

100 mmol L−1; v = 100 mV s−1.

The oxidation peaks A and D increase with glycerol concen-
tration; however, only peak A was chosen for the quantitative
measurements because it is better defined and more sensitive in
the concentrations employed in the present work. Fig. 2 shows that
there is an increase in the current of peak A upon consecutive cycles,
but it becomes stable after 20 consecutive voltammetric cycles.
Peaks A and D cannot be detected in the first voltammetric cycle
in the case of the studied glycerol concentration. The phenomenon
responsible for more intense oxidation peak currents as a function
of the number of voltammetric cycles is related to oxide growth on
the platinum electrode surface in the presence of adsorbed glycerol.

The formation of platinum oxides by potential cycling between
critical limits has been investigated by Burke and Roche [21] in
1.0 mol L−1 H2SO4 solution between 0 and 1.6 V versus RHE. The
authors concluded that the potential cycling technique is a much
more effective procedure for the growth of multilayer oxides.
According to these authors, one of the major advantages of thick
oxide growth under potential cycling conditions is that there is no
need for abrasive pretreatment. In this kind of pretreatment, the
generation of mechanical stress on the surface (by grinding with
emery paper) is necessary for growth of a thick film. The authors
explained that stress on the electrode surface is not necessary under
potential cycling conditions because the formation and subsequent
reduction of the monolayer film leaves the metal atoms at the sur-
face in a disturbed state. On subsequent reoxidation, the compact
oxide layer is regenerated by oxidation of the underlying bulk metal
lattice, while the dispersed platinum atoms are more fully oxidized
and converted to the hydrous state. This possibly occurs by repeated
oxidation and reduction at the compact oxide/hydrous oxide inter-
face.

It was necessary to perform consecutive voltammetric cycles
for each measurement accomplished in the presence of glycerol
because this easy re-oxidizability decays rapidly if the reduced elec-
trode is allowed to remain on open-circuit for any appreciable time
length. This fact has also been observed by James in his works on
platinum oxide [22].

For practical purposes, we verified whether it was possible to
use the 10th consecutive voltammetric cycle instead of the 20th
for the quantitative measurements. In tests carried out at a sweep
rate of 100 mV s−1 in HClO4 100 mmol L−1, application of the least
squares method to our data furnished the following straight line
equation for the 10th cycle: I (�A) = 6.6 ± 0.5 + 0.294 ± 0.007 × C

(mg L−1), with r = 0.9987. As for the 20th cycle, the equation was I
(�A) = 6.6 ± 0.2 + 0.301 ± 0.003 × C (mg L−1), with r = 0.9998. These
results confirm the possibility of using the 10th consecutive voltam-
metric cycle, although data obtained in the 20th cycle are more
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Table 1
Determination of glycerol concentrations from simulation of the rotary evaporation
process.

Expected Obtained
ig. 3. Influence of the sweep rate on peak current (a), and peak current as a function
f the square root of the sweep rate (b), as measured during the 20th voltammetric
ycle, 1.08 mmol L−1 glycerol in HClO4 100 mmol L−1.

recise and the linear correlation coefficient of the analytical curve
s better.

Fig. 3 depicts the peak current variation as a function of the
weep rate (Fig. 3a) and the square root of the sweep rate (Fig. 3b).
he results suggest that a diffusion-controlled mass transport pre-
ominates in the case of sweep rates higher than 40 mV s−1.

Tests revealed that the type of mass transport is not altered for
ClO4 concentrations ranging between 10 and 100 mmol L−1. Nev-
rtheless, for quantitative purposes, analytical curves obtained at
n acid concentration of 100 mmol L−1 gives better linear correla-
ion coefficients. We selected the sweep rate 100 mV s−1 because it
esulted in better defined voltammograms, with more intense peak
urrents.

.2. Analytical curve

To verify the linearity of the electroanalytical method devel-
ped here, an analytical curve of glycerol in HClO4 100 mmol L−1

olution was built as described in Section 2.2. The concentration
ange selected for curve construction considered concentrations
hat might be found in real biodiesel samples submitted to the
xtraction technique designed here. The obtained graph is depicted

n Fig. 4.

This analytical curve displays a large linearity interval between
5 mg L−1 (0.16 mmol L−1) and 150 mg L−1 (1.6 mmol L−1). The lin-
ar correlation coefficient is r = 0.99965 in this concentration

ig. 4. Glycerol analytical curve obtained in HClO4 100 mmol L−1 and v =
00 mV s−1.
concentration concentration

Free glycerol concentration
(mg L−1)

34.9 28 ± 5
69.5 67 ± 4

100 100 ± 3

range. The straight line equation obtained by application of the
least squares method was I (�A) = 7.16 ± 0.24 + 0.306 ± 0.003 × C
(mg L−1). From the obtained data, a detection limit of 2.3 mg L−1

(2.5 × 10−2 mmol L−1) can be achieved.
The linearity range obtained with this method is reproducible for

various electrode surface polishings. However, the obtained linear
equations are strictly valid for a specific surface, which is particular
of each polishing process. This justifies the preparation of a new
analytical curve every time a new polishing is necessary.

In precision studies (repeatability) accomplished for glycerol
concentrations of 20, 75, and 100 mg L−1, in the same electrochem-
ical conditions established in Section 2.2, current peak values of
13.2 ± 0.1, 30.5 ± 0.2, and 37.7 ± 0.2 �A were obtained, respectively,
with a reliability limit of 95% for the 20 measurements.

Considering the analytical curve and the extraction method pro-
posed in Section 2.2, which employs 2 g of biodiesel, the linearity
interval between 15 and 150 mg L−1 corresponds to 56–560 mg kg−1

(glycerol:biodiesel). This includes a wide concentration range with
values well below and well above the maximum tolerated by reg-
ulatory agencies; that is, 200 mg kg−1. In the case of a biodiesel
sample, this working range depends on the mass of biodiesel
weighed before the extraction procedure, so it can be altered
according to sample quality and the desired precision. A work-
ing range of 37.5–375 or 28–280 mg kg−1 may be employed for a
biodiesel sample weighing 3 or 4 g, respectively.

The equation relating the free glycerol concentration in mg
L−1 with the concentration in mg kg−1, taking the dilution
steps involved in the extraction procedure into account, is C
(mg kg−1) = 15/2 × C (mg L−1)/m (g), where m = actually weighed
biodiesel mass.

3.3. Simulation of glycerol loss during rotary evaporation

To verify whether rotary evaporation causes glycerol loss, a sim-
ulation with known amounts of glycerol in water was carried out.

Nine test samples were prepared (three different concentra-
tions, in triplicate) and placed directly in the rotary evaporator.
This was done by transferring amounts of the glycerol stock solu-
tion that would allow us to obtain glycerol concentrations of 35,
70, and 100 mg L−1 in HClO4 100 mmol L−1 solution after the evap-
oration process and subsequent quantitative transfer to a 5.00 mL
volumetric flask.

Before the electrochemical measurements were carried out, the
working electrode was submitted to the cleaning and activation
stages described in Section 2.2. Then, a new current versus glycerol
concentration analytical curve was built for glycerol concentrations
ranging between 15 and 100 mg L−1 in HClO4 100 mmol L−1 solu-
tion. The results are summarized in Table 1.

The results show that the obtained concentration values are very
close to the expected ones, being the relative error lower for higher
concentrations. The errors may be attributed to sample handling
and dilution. From these considerations, we can conclude that there
is no glycerol loss in the rotary evaporation process.
3.4. Determination of free glycerol in biodiesel

Three aliquots of 2 g biodiesel containing a known amount of
glycerol, prepared as described in Section 2.4.2, were submitted to
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Table 2
Determination of free glycerol levels in a matrix containing a known concentration of glycerol.

Expected concentration Obtained concentration Average recovery

Free glycerol (mg L−1) 42.7 45.7 ± 4
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ree glycerol (mg kg−1)a 160
ree glycerol (wt%) 0.0160

a C (mg kg−1) = 15/2 × C (mg L−1)/m (g) where m = mass of biodiesel.

he extraction procedure reported in Section 2.3. The electroana-
ytical procedure described in Section 2.2 was carried out parallel
o the aforementioned procedure, to obtain an analytical curve
alling within the linear concentration range, resulting in the lin-
ar equation I (�A) = 1.01 ± 0.50 + 0.295 ± 0.007 × C (mg L−1) with
= 0.99948.

The obtained concentrations are depicted in Table 2.
The results confirm the efficiency of the electrochemical method

nd the extraction procedure developed in this work, with satisfac-
ory recovery.

. Conclusion

A novel, alternative electroanalytical method for determination
f free glycerol in biodiesel has been developed. The extrac-
ion method designed here is fast and environmentally friendly,
ince only a mixture of biodiesel and water and a single solid-
hase extraction stage using acetone are necessary. The rotary
vaporation procedure adopted here is fast and satisfactory for
he analyses. As for the electroanalytical procedures, the use
f consecutive voltammetric cycles (potential cycling technique)
nables detection of glycerol in concentrations well below the
nes that can be measured with a single voltammetric cycle.
he developed extraction method gives good linearity for glyc-
rol concentrations ranging between 15 and 150 mg L−1 (0.16 and
.6 mmol L−1), which corresponds to concentrations falling within
6–560 mg kg−1(glycerol:biodiesel) when a mass of biodiesel equal
o 2 g is employed for extraction. This therefore includes a wide lin-
arity range with values well below and well above the maximum
mount tolerated by the regulatory agencies, which is 200 mg kg−1.

The electroanalytical method is highly repeatable for a long

eriod, thus enabling determination of glycerol in a large number
f samples, with no need for recalibration.

The procedures involving extraction, sample handling, and
lectrochemical measurements in triplicate take up 80 min (not
onsidering the preparation of the platinum electrode, ca. 75 min

[
[
[

107%171 ± 15
0.017 ± 0.002

that is accomplished in parallel with the extraction procedure
and includes platinum surface cleaning and activation as well as
construction of the analytical curve). Although the procedure devel-
oped here comprises various stages, the analysis time is relatively
short compared with the time necessary to carry out chromatog-
raphy [8,9], which is around 30 min for a single analysis in a single
chromatographic run.
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Quantification of polycyclic aromatic hydrocarbons (PAHs) in smoked fish products often requires mul-
tiple clean-up steps to remove fat and other compounds that may interfere with the chemical analysis.
We present a novel pressurized liquid extraction (PLE) method that integrates exhaustive extraction with
fat retention in one single analytical step. The PLE parameters: type of fat retainer, flush volume, solvent
composition, fat-to-fat retainer ratio (FFR), and the dimensions of the extraction cells were the most
important factors for obtaining fat-free extracts with high recoveries of PAHs. A 100 mL extraction cell
ressurized liquid extraction
moked fish
olycyclic aromatic hydrocarbons
ethod validation

rincipal component analysis

filled with 18 g activated silica gel, dichloromethane:hexane (15:85, v/v) as extraction solvent, FFR of
0.025 and 100% flush volume was the best analytical setup for integrated extraction and fat retention.

The one-step procedure provided a more rapid and cost-efficient alternative with minimization of waste
generation compared to the standard reference method that is based on a multi-step procedure. Further-
more, the analytical quality of the two methods are comparable, while the new integrated approach
for extraction and cleanup is less prone to analytical errors (random and systematic) because of fewer

analytical steps.

. Introduction

Polycyclic aromatic hydrocarbons (PAHs), of which some are
enotoxic and/or carcinogenic, are formed during incomplete com-
ustion processes both spontaneously in nature and owing to fossil
uel combustion. The route to human exposure is manifold, since
he PAHs can enter the food chain by both deposition and transfer
rom soil, air, and water. PAHs may therefore constitute a food safety
roblem. The most important factor for human exposure—and the

actor of interest in this study—is the cooking procedure for food
roducts. PAHs can be generated during drying, smoking, grilling,
oasting, and frying. Smoked food products are directly exposed to
AHs during the smoking process, and the amount of PAHs trans-
erred by smoke depends on the temperature of smoke, type of
ood, length of time of smoking, and whether the smoking is indi-

ect or direct [1–5].
Lipids interfere with the chemical analysis by gas chromato-

raphy–mass spectrometry (GC–MS) and may have severe effects

n reproducibility, robustness, and PAH recovery [6]. It is therefore
ften necessary to remove lipids prior to the chemical analy-
is, which is typically done in a tiered approach: Extraction of
AHs by Soxhlet [3,7,8]; sonication [7,8]; supercritical fluid extrac-

∗ Corresponding author. Tel.: +45 35332456; fax: +45 35332398.
E-mail address: jch@life.ku.dk (J.H. Christensen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.048
© 2009 Elsevier B.V. All rights reserved.

tion [8–10] or pressurized liquid extraction (PLE) [11–13]; gel
permeation chromatography (GPC) [12,14,15] and/or solid phase
extraction (SPE) [3,11,15] to remove lipids and other interferences;
and quantification by GC–MS [10,11,13] or high-performance liquid
chromatography (HPLC) [8,9,14].

The large number of analytical steps results in high consump-
tion of hazardous organic solvents, high costs, prolonged analysis
time [12,16], an increased risk of analyte losses, decreased repro-
ducibility, and biases. These drawbacks are also experienced in the
standard reference method (SRM) for PAH sample preparation used
at DTU FOOD, Denmark: PLE extraction, clean-up by GPC and SPE,
and quantification by GC–MS [17], although the use of PLE can inte-
grate extraction with fat removal [6,18–20], thereby reducing the
number of analytical steps. A one-step PLE method can be achieved
by adding a stationary phase (e.g. silica or alumina) directly to
the PLE extraction cell. This method has previously been used in
the analysis of polychlorinated biphenyls (PCBs) in fish samples
[6,18–20].

The aim of this study was therefore to develop and validate a new
one-step PLE method that integrates exhaustive extraction of PAHs
with fat removal. The new method would be quicker than the SRM

and minimize waste generation, while its analytical quality would
be comparable to the SRM. Both the levels and patterns of PAHs in
food products are of interest, and the method was therefore devel-
oped for analysis of 2–6 ringed PAHs. Reproducibility and accuracy
of the one-step PLE method was further validated by comparing the
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easured concentrations in 10 smoked fish samples between the
wo methods.

. Experimental

.1. Samples

Pork lard and raw trout were bought from the local butcher
nd fishmonger, respectively, and samples were then homogenized.
hin layers of the pork lard were scraped off to facilitate homog-
nization. After removal of head and skin, the fish fillets were
omogenized for 10 min using a stainless steel blender (Broendum,
openhagen, Denmark). In addition, homogenized samples of 10
sh that had been smoked by Danish fishmongers were obtained

rom the Danish Veterinary and Food Administration (DVFA) in
arhus. All samples were stored at −18 ◦C prior to analysis.

.2. Chemicals and reagents

Toluene, n-hexane (HPLC grade), and sulphuric acid were
btained from Merck (Darmstadt, Germany) and acetone,
ichloromethane (HPLC grade), and n-pentane from Rathburn
Walkerburn, Scotland). Silica gel 60 (0.063–0.200 mm) was
urchased from Merck (Darmstadt, Germany), florisil (60–100
esh) from Fluka (Buchs, Switzerland), and neutral, basic and

cidic alumina (150 mesh) from Sigma–Aldrich (Steinheim, Ger-
any). Pre-rinsed silica gel, alumina and florisil were activated at

30–140 ◦C over night and stored at 120 ◦C. Sulphuric acid impreg-
ated silica was prepared by adding sulphuric acid to cold silica gel
2:3, w/w). Anhydrous sodium sulphate was obtained from Merck
Damstadt, Germany), polyacrylic acid from Sigma–Aldrich (Stein-
eim, Germany), and Ottawa sand (20–30 mesh) from AppliChem
Darmstadt, Germany). Ottawa sand was precleaned by heating at
00 ◦C for 5 h.

Different spike, recovery, and internal standard solutions were
pplied, each consisting of PAHs or deuterated PAHs (d-PAHs) pur-
hased from Ehrenstorfer (Augsburg, Germany) and Cambridge
sotope Laboratories (Cambridge, UK). Details on the standard solu-

ions are listed in Table 1 in the supporting information (Table S1).
o determine the optimal fat retainer (Section 3.1), PAH quantifica-
ion was performed using one-point calibrations. To investigate the
ffects of PLE parameters (Section 3.3) and for validation (Section
.4), the internal standard method was used, with six calibration

able 1
SE settings for the final one-step PLE method.

ample preparation PLE settings Analysis

00 mL extraction cell Solvent composition: 85:15
(hexane:dichloromethane)

ASE extracts are
evaporated by vacuum
evaporator (35 ◦C) until
2 mL

ample mixed with 5 g
Ottawa sand and 10 g
polyacrylic acid

Time of each static cycle:
5 min

The extracts are
quantitatively
transferred to GC–MS
vials and evaporated by
nitrogen steam

8 g silica as fat retainer Number of static cycles: 2 The GC–MS vials are
added toluene and the
final volume evaporated
to 100 �L by nitrogen
steam

FR value: 0.025 Polar solvent:
dichloromethane
Apolar solvent: hexane
Flush volume: 100%
Temperature: 100 ◦C
Purge: 60 s
Pressure: 1500 psi
79 (2009) 10–15 11

solutions ranging from 50 to 250 ng/mL and eight calibration solu-
tions ranging from 0 to 250 ng/mL, respectively.

2.3. Fat determination

The fat content of pork lard and fish homogenates was deter-
mined in triplicates. For wet trout and smoked fish homogenate,
a mixture of 10 g sample, 10 g Ottawa sand, and 20 g polyacrylic
acid was added to a 66 mL ASE cell and extracted using an ASE 300
System (Dionex, Sunnyvale, CA) with instrument settings of 100 ◦C,
2 static cycles of 5 min, 75% flush volume, and an extraction sol-
vent of hexane:acetone (1:1, v/v). The fat content was determined
gravimetrically at 70 ◦C.

2.4. PLE parameters

ASE cells with volumes of 33 mL (ASE 200) and 100 mL (ASE 300)
were packed with one cellulose filter at the bottom followed by the
fat retainer. For fish homogenates, 2 g of polyacrylic acid was placed
on top of the fat retainer to avoid deactivation of the fat retainer by
water. Pork lard was ground with sodium sulphate until dry, and 5 g
wet trout was ground with 5 g Ottawa sand and 10 g polyacrylic acid.
The dried samples were transferred to the ASE cells, and spike stan-
dards were added (see Table S1 for details). The void volume was
filled with Ottawa sand. The fat retainer, solvents, solvent composi-
tion, and flush volume were optimized, while the fat-to-fat retainer
ratio (FFR) (0.025), temperature (100 ◦C), pressure (1500 psi), num-
ber of static cycles (2 of 5 min each), and purging time (60 s with
nitrogen) were fixed throughout the study. Since the FFR was fixed,
the amount of sample weighed for each extraction varied according
to the fat content.

2.5. Preparation of extracts

Extracts were evaporated to 80 mL using a rotary evaporator at
35 ◦C and transferred quantitatively to 100 mL volumetric flasks,
which were filled to the mark with pentane. Ten mL was used for fat
determination. For quantification, the solvent was further reduced
to 2 mL using a rotary evaporator (35 ◦C) and transferred to GC vials
that were placed under a stream of nitrogen. The recovery standard
(see Table S1 for details) and 200 �L toluene were added, and the
total volume was reduced to 100 �L.

2.6. GC–MS analysis

Extracts were analysed on an Agilent 6890N gas chromatograph
that was connected to an Agilent 5975B mass spectrometer with
electron ionization. The gas chromatograph was equipped with
a 40 m ZB-5 capillary column with special dimensions (0.18 mm
id × 0.25 �m film). Helium was used as carrier gas at a flow rate of
0.8 mL/min, and 1 �L aliquots were injected in splitless mode. Injec-
tor, ion source, and quadropole temperatures were 330, 230, and
150 ◦C. The oven programme was: 100 ◦C (held for 2 min), increased
to 230 ◦C (6 ◦C/min), and then 1 ◦C/min to 245 ◦C, 6 ◦C/min to 268 ◦C,
2 ◦C/min to 300 ◦C, and 6 ◦C/min to 330 ◦C. Selected ion monitoring
was used to analyze 18 m/z values in the range m/z 128–316, divided
into 5 groups with 4–7 ions in each.

2.7. Validation

The new method was validated by comparing its precision

(repeatability), accuracy, PAH recoveries, limits of detection (LOD),
and limits of quantification (LOQ) to those of the SRM. The determi-
nation of these values was based on six extractions of sub-samples
of homogenized and dried trout samples spiked with 3 ng of each
of the 26 PAHs/g wet tissue (see Table S1) and three method
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the length of the chromatographic column is obtained. The shorter
34 mL cell (ASE 300) results in a considerably shorter chromato-
graphic column. This difference affects the fat retention capacity,
as the FFR may be increased when changing from a 34 mL cell to
the longer 100 mL cell (same diameter) [18]. As the higher density
2 M. Lund et al. / Ta

lanks. Furthermore, robustness was estimated with respect to
at-retention capacity, as the method was applied to six fish
omogenates of 5 g each combined with 18 g silica (between 5 and
0% fat). All samples were extracted and quantified in random order

n two batches during two days.

.8. Data

Concentrations of 17 PAHs in 63 smoked fish samples (viz.
errings, salmons, mackerels, and trouts) collected from smoking

acilities in Denmark were measured by DVFA using the SRM (for
ethod details, see ref. [17]). Nine of the 63 smoked fish samples

nd four replicates of one sample were analysed using the new
ne-step PLE method. Concentrations below LOD were set to zero.
ecause of the low concentrations, some 5–6 ring PAHs were
ollected in groups based on physicochemical similarities, Toxic/4
�benzo[a]anthracene and chrysene), Toxic/5 (�cyclopenta[cd]
yrene, benzo[b]fluoranthene, benzo[j]fluoranthene and
enzo[k]fluoranthene), Toxic/6 (�indeno[1,2,3-cd]pyrene and
enzo[ghi]perylene), Toxic/T (�Toxic/4, Toxic/5, Toxic/6 and
enzo[a]pyrene) and PAH (�PAHs26), giving a total of 14 PAH
ariables. The complete data set was divided into two sets: the

training set’ consisting of 63 smoked fish samples × 14 PAH con-
entrations analyzed by the SRM, and the ‘test set’ comprised of
he 13 samples × 14 PAH concentrations analysed by the one-step
LE method.

.9. Principal component analysis

Principal component analysis (PCA) [21,22] was used to assess
he accuracy of the one-step PLE method compared to the SRM.
even of the 63 samples analysed by the SRM were removed
ecause of outliers in influence plots. The training set was auto-
caled and analysed by PCA with full cross validation. Based on an
xplained variance plot and the scores and loadings, two principal
omponents were chosen. The ‘test set’ (Xnew) was then projected
n the model loadings using Eq (1) to obtain the scores Tnew.

new = XnewP (1)

PCA was performed in MatLab 7.4.0 using the PLS toolbox 4.1.1
www.eigenvector.com).

. Results and discussion

.1. Selection of fat retainer

Silica impregnated with sulphuric acid is the most frequently
sed fat retainer for integrated extractions of organic contaminants
6,18,19], but florisil [23] and neutral alumina [24] have also been
sed. A recent study of the fat-retention capacity of sulphuric-acid-

mpregnated silica, florisil, and basic, neutral, and acidic alumina
howed that all fat retainers, except basic alumina (1.4%), yielded
at-free or nearly fat-free extracts (<1%) with FFR = 0.022 [20].

Hence, to identify a material with both high fat retention capac-
ty and high PAH recoveries, several retainers were tested: activated
ilica, 2% deactivated silica, florisil, 1% deactivated florisil, alu-
ina (neutral, basic, and acidic), 3% deactivated alumina, and

ulphuric-acid-impregnated silica. The ASE 200 system with 33 mL
xtraction cells, pork lard, and 8 g of each fat retainer were used
n this initial study. Based on previous studies [6,19,20] a FFR
f 0.025, a flush volume of 70%, and an extraction solvent of

ichloromethane:hexane (15:85, v/v) were employed. The amount
f co-eluted fat was detected by browning reactions after adding
ulphuric-acid-impregnated silica to aliquots of each extract [25].

The use of activated silica yielded both fat-free extracts (no
rowning reaction) and high recoveries for all PAHs (Fig. 1).
79 (2009) 10–15

Sulphuric-acid-impregnated silica gave fat-free extractions, but
led to low recoveries of acenaphthylene, acenaphthene, and
anthracene, as previously shown by Wang et al. [13].

Neutral, basic and acidic alumina also provided effective fat
retention (limited browning reactions), but the recoveries of the
high-molecular-weight (HMW) PAHs were generally low (Fig. 1, see
neutral alumina). Because future optimization of the PLE parame-
ters could lead to improved recoveries, alumina as fat retainer could
not be ruled out. Neutral alumina gave the most limited browning
reaction and was therefore further investigated.

A noticeable browning reaction was observed in the florisil
extract, indicating an insufficient fat-retention capacity. The
fat-retention capacity of florisil generally increases with lower
extraction temperatures [23], but because lower temperatures
decreases extraction efficiency [12,26,27], and the recoveries of
HMW PAHs were already low (Fig. 1), other extraction tempera-
tures were not tested. Remarkably strong browning reactions and
fat droplets in the collection vials were observed for all the deacti-
vated fat-retainers, demonstrating their low fat retention capacity.

3.2. Fat retention capacity

The fat retention capacity of silica and neutral alumina (hereafter
denoted alumina) were compared quantitatively. The experimental
settings were repeated, except that pork lard was replaced by wet
trout and that the amount of fat retainer was scaled to a 100 mL ASE
cell using an ASE 300 system (i.e., 5 g wet trout and 18 g fat retainer
to obtain an FFR of 0.025). Activated silica gave fat-free extracts,
while 27 ± 8 mg fat (6% of the total fat content) was not retained by
alumina. Silica was therefore preferred as fat retainer.

The elution of fat from alumina was unexpected, since no brown-
ing reactions with sulphuric acid were observed in these extracts
during the initial selection of fat retainers (cf. Section 3.1). How-
ever, in extracts where the amount of activated silica was reduced
by a factor 2 and the FFR was retained, a noticeable browning reac-
tion was also observed. This suggests that the fat retention capacity
depends on the length of the chromatographic column as well as
the FFR.

Recoveries obtained from activated silica using pork lard in
33 mL cells and an ASE 200 system (Fig. 1) correspond to the recov-
eries obtained using trout in 100 mL cells on the larger ASE 300
system (results not shown). It thus seems possible to scale the
amounts of activated silica from one cell type to another with
respect to recovery. However, as the length of the two cells is
approximately equal, a similar ratio between the amount of fat and
Fig. 1. PAHs recoveries from pork lard using florisil, silica, or alumina as fat retainers.
The PAHs are grouped based on the number of aromatic rings. The recoveries are
calculated from single measurements.
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ig. 2. Recoveries of deuterated PAHs (based on single measurements) after initial
urification–0, 1 and 2 indicates the number of static cycles with pure n-hexane
efore applying 2 static cycles of dichloromethane:hexane (15:85).

f alumina compared to silica results in a shorter chromatographic
olumn, this might explain why more than 18 g of alumina is
equired.

.3. PLE parameters

One static PLE cycle with n-hexane has previously been used to
emove apolar interferences prior to extraction of corticosteroids
rom bovine liver [28]. Introduction of such an additional cleanup
tep in the extraction procedure would be favourable and was
herefore tested in this study. The test was performed by apply-
ng 0–2 cycles of 5 min with n-hexane prior to extraction with two
ycles with dichloromethane:hexane (15:85, v/v). The flush volume
as set to 70% and 100 mL ASE cells were packed with 5 g trout

nd 18 g silica. The results shown in Fig. 2 demonstrate that initial
urification with n-hexane (dark columns) is inappropriate, since
he recovery, especially of low-molecular-weight (LMW) PAHs (rep-
esented by d8-naphthalene, d10-phenanthrene and d10-pyrene),
as between 40 and 60% already for the first n-hexane extraction

ycle.
The extraction efficiencies for HMW PAHs (represented by

12-benzo[a]pyrene and d14-dibenzo[a,i]pyrene) were between
and 30% in the n-hexane fractions, but close to 100% in

he dichloromethane:hexane (15:85, v/v) fraction (Fig. 2, light
olumns), which indicates that the polarity of the solvent mixture
s adequate for exhaustive extraction, and no further optimization
s required.

The study also reveals that the recoveries of LMW PAHs (Fig. 2)
re significantly lower than those observed during the initial
ethod optimization, which is most likely caused by evaporation

uring the extensive pre-concentration step (i.e., the final volume
as reduced to 100 �L) [29]. However, as LMW PAHs are eluted
efore HMW PAHs thorough activated silica, and the recoveries
or 5–6 ringed PAHs were close to 100%, the one-step PLE method
eems to provide an exhaustive extraction of 2–6 ringed PAHs. Any
oss during the pre-concentration step can be corrected for by the
se of internal standards.

PLE extraction efficiency of PAHs increases with temperature
26], while fat retention capacity is reduced [19]. Hence, the extrac-
ion temperature has to be chosen with care to obtain both high
ecoveries of PAHs and fat-free extracts. 100 ◦C seems appropriate
or PAH extraction, a conclusion that is also supported by others
13].

The number of static cycles has minor effects on the extrac-
ion efficiency when using sulphuric-acid-impregnated silica for
CB extractions [6]. However, two cycles have been used most fre-

uently [6,17,20,23], and this practice was also used here.

The flush volume divided by the number of cycles determines
he amount of fresh solvent added between each extraction cycle.
he flush volume may have a significant effect on recovery, espe-
ially during extractions where the ASE cells are packed with a
79 (2009) 10–15 13

stationary phase, as this may increase retention of the analytes.
Hence, the effects of flush volumes between 70 and 130% on the PAH
recoveries were tested in a system comprised of 100 mL ASE cells
packed with 5 g trout and 18 g silica with dichloromethane:hexane
(15:85, v/v) as extraction solvent. Note that all the extracts were
fat-free. The results, shown in Fig. 1 in the supporting informa-
tion (Figure S1), demonstrate that the recoveries of PAHs with 2–4
aromatic rings were unaffected by the flush volume. In contrast,
increasing the flush volume from 70 to 100% significantly (p = 0.025)
increases the recoveries of 5- and 6-ring PAHs (see Figure S1) from
102 to 107% and 76 to 92%, respectively. A flush volume of 100% was
therefore chosen for the method.

Replacement of dichloromethane and n-hexane with less haz-
ardous solvents (viz. acetone and pentane, respectively) was
investigated. The use of acetone instead of dichloromethane led
to extensive elution of fat, while replacement of n-hexane with n-
pentane gave only a minor increase in fat elution, as has previously
been observed by others [19]. However, as the pre-concentration
step is extensive, even a small increase in fat elution should be
avoided. On the other hand, in a study of integrated PLE of PAHs and
fat removal from gastropods, it was found that 5% dichloromethane
and 95% n-pentane resulted in high recoveries of 2–6 ring PAHs
and insignificant elution of fat (FFR = 0.025 (unpublished data from
our laboratory). Thus, using this solvent composition could make
the replacement possible, since lower polarity decreases fat elution,
but this was not tested further here.

The final settings of the one-step PLE method are summarised
in Table 1.

3.4. Validation

The PAH recoveries were generally high (>70%), except for fluo-
ranthene and pyrene (Table 2).

Considering that the concentrations of HMW PAHs were gener-
ally close to the LOQ, the precisions were acceptable, with relative
standard deviations (RSDs) between 4 and 15%. In contrast, mainly
owing to high laboratory blank values, the RSDs for naphthalene,
phenanthrene, pyrene, and fluoranthene were high, between 45
and 87% (see Table 2).

The analytical quality of the SRM and the one-step PLE method
is compared in Table 2. Both the recoveries and the precisions are
within the same range for all compounds. Similar results are also
observed for LOD and LOQ, taking into account that the calculations
for the one-step PLE method were based on three times higher con-
centrations than those used for the SRM. The new method, however,
meets the proposed EU method criteria that quote an acceptable
recovery between 50 and 120%, a maximum LOD of 0.3 �g/kg and a
maximum LOQ of 0.9 �g/kg for methods analysing benzo[a]pyrene
in foods [30].

The FFR is an important parameter for optimal fat retention.
Minor elution of fat (0.4%) was observed when increasing the FFR
from 0.025 to 0.032; an increase to 0.043 resulted in a fat elution
of 0.5%, while 6.6% was eluted using FFR = 0.082 (see Table 2 in
supporting information, Table S2). Thus, the use of an additional
clean-up step is most likely necessary when using an FFR greater
than 0.025.

Accuracy was assessed from two extractions of a standard ref-
erence material of freeze-dried mussel tissue (NIST 2799) and by
comparison of PAH concentrations in 10 smoked fish samples ana-
lyzed by both the SRM and the one-step PLE method. The bias for
the 10 PAHs included in the NIST samples were between 5 and

79%, which exceeds the criteria required by NIST for 8 of 10 com-
pounds (except for phenanthrene and benzo[a]pyrene). Conversely,
a comparison of the PAH concentrations in the selected smoked fish
samples analysed by both methods clearly indicates a high corre-
spondence between the two sets of measurements for 7 out of 10
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Table 2
List of recoveries, precision, accuracy, LOD, LOQ and linearity of the calibration curves. LOD and LOQ were calculated as 3 and 10 s respectively. x̄ = average concentration, s = standard deviation, a is data obtained using the SRM
and b is data obtained using the one-step PLE method.

PAH Internal standard Linearity (R2) x̄ (ng/g) s (ng/g) Recovery (%) Precision (%) LOD (ng/g) LOQ (ng/g) Accuracy (%)

a b a b a b a b

Naphthalene

d8-acenaphthylene

0.996 2.5 1.5 70 83 95 59 5.3 4.4 17.7 14.6
Acenaphthylene 1.000 2.2 0.3 93 74 6 15 0.4 1.0 1.3 3.2
Acenaphthene 0.998 2.6 0.6 96 86 27 25 1.5 1.9 5.0 6.4
Fluorene 0.999 2.4 0.5 89 83 16 21 1.0 1.6 3.3 5.3 −39
Phenanthrene 0.998 2.2 1.2 142 72 80 56 4.6 3.7 15.3 12.2 −6
Anthracene 0.999 3.0 0.5 104 99 5 17 0.3 1.5 1.0 5.1

Fluoranthene

d12-benzo-[a]anthracene

0.997 1.6 1.4 82 53 41 87 0.8 4.2 2.7 14.0 −79
Pyrene 0.998 2.0 0.9 81 66 29 45 1.7 2.7 5.7 9.0 −54
Benzo[c]fluorene 0.998 2.4 0.2 – 83 – 9 – 0.6 – 2.2
Benzo[a]anthracene 0.996 2.5 0.2 92 82 4 7 0.2 0.5 0.7 1.7 −29
Chrysene 0.995 2.9 0.2 95 82 4 6 0.4 0.5 1.3 1.6
Cyclopenta[cd]pyrene 0.997 2.5 0.4 102 85 15 14 0.8 1.1 2.7 3.5

5-methylchrysene

d12-benzo-[a]pyrene

0.998 2.8 0.2 101 94 9 8 0.5 0.7 1.7 2.3
Benzo[b + j + k]fluoranthene 0.998 8.4 0.7 – 94 – 8 – 2.1 – 7.0
Benzo[e]pyrene 0.998 2.7 0.2 88 91 9 8 0.5 0.6 1.7 2.1 −13
Benzo[a]pyrene 0.999 3.1 0.1 86 103 6 3 0.4 0.3 1.3 0.9 6
Perylene 0.997 4.1 0.2 83 108 6 6 0.5 0.7 1.7 2.4 −34

Indeno[1,2,3-cd]pyrene
d12-indeno-[1,2,3-cd]-pyrene

0.998 2.4 0.1 91 82 6 3 0.4 0.2 1.3 0.7 −42
Dibenzo[a,h]anthracene 0.998 2.4 0.2 90 78 7 9 0.4 0.6 1.3 2.1
Benzo[ghi]perylene 0.999 2.3 0.2 83 77 12 7 0.7 0.5 2.3 1.5 −41

Dibenzo[a,l]pyrene

d14-dibenzo-[a,i]pyrene

0.997 3.1 0.1 112 107 13 3 0.4 0.3 1.3 0.9
Dibenzo[a,e]pyrene 0.999 2.9 0.1 108 101 10 3 0.6 0.3 2.0 1.0
Dibenzo[a,i]pyrene 0.999 2.9 0.1 98 99 8 3 0.4 0.3 1.3 1.0
Dibenzo[a,h]pyrene 0.999 2.8 0.2 93 95 10 8 0.5 0.6 1.7 2.2



M. Lund et al. / Talanta

Fig. 3. PAH concentrations in 10 fish samples measured by the SRM (a) and the one-
step PLE method (b). Numbers refer to samples in a larger data set obtained from
DVFA.
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ig. 4. Bi-plot of PC1 vs. PC2 for the scores and loadings obtained from an auto-
caled PCA model. The model was calculated for the training set and the test set
amples were projected on the model. Identical samples measured by the SRM (a)
nd the one-step PLE method (b) are marked with identical signs.

amples (Fig. 3), indicating a high accuracy of the PLE method based
n comparison with the SRM. The deviations in the three remain-
ng samples (namely 12, 28 and 61) were mainly due to higher
otal PAH concentrations in the samples measured by the SRM,
hile the relative composition of 2½–6 ringed PAHs were similar.

he variations in total PAH concentrations are most likely due to
nsufficient homogenization, resulting in high sample heterogene-
ty.

The PCA of the training set and prediction of the test set provides
n additional comparison of the two analytical methods (accuracy
nd reproducibility). The bi-plot of PC1 vs. PC2 is shown in Fig. 4.

Samples marked with identical enlarged legends represent the
ame samples measured using the SRM (a) and the one-step PLE
ethod (b), respectively. The chemical interpretation of the princi-

al component loadings for the 14 PAH variables is straightforward:
C1 describes the PAH concentrations, since all variables have
ositive PC1 loadings, while PC2 explains variations related to com-
ound sizes and physicochemical properties (i.e., HMW PAHs have
egative PC2 loadings and LMW PAHs have positive PC2 loadings).

ariability between the two methods is presented as the distances
etween identical samples, and because autoscaling unifies the

mportance of each individual compound in the PCA model, the cor-
espondence between the methods confirms the high accuracy that
s seen in Fig. 3. In addition, the correspondence between replicate

[
[

[
[
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analyses (sample 62b) indicates a high repeatability of the one-step
PLE method.

4. Conclusions

The one-step PLE method is both rapid and cost-effective and
minimizes waste generation compared to the SRM. The time
required in the laboratory is reduced to half by combining the
extraction and the two clean-up steps (i.e., GPC and SPE) in one
single PLE step, which reduces the risk for bias because of fewer
analytical steps. Furthermore, validation confirms that the one-step
PLE method is able to replace the SRM because the analytical qual-
ity is comparable. Activated silica was found to be the preferred fat
retention material, but it should be noticed that the amounts that
were used cannot be directly scaled to other cell volumes. Further
optimization is therefore required when using other cell types or
ASE Systems.
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a b s t r a c t

Luminescent ruthenium(II) complex covalently bound silica nanoparticles have been prepared and used
as a probe for time-gated luminescence bioimaging. The new nanoparticles were prepared by copoly-
merization of a luminescent Ru(II) complex tris(5-amino-1,10-phenanthroline)ruthenium(II) conjugated
with 3-aminopropyl(triethoxy)silane (APS-Ru conjugate), free (3-aminopropyl)triethoxysilane (APS) and
tetraethyl orthosilicate (TEOS) in a water-in-oil reverse microemulsion consisting of Triton X-100, n-
octanol, cyclohexane and water in the presence of aqueous ammonia. Characterization by transmission
electron microscopy indicates that the nanoparticles are monodisperse, spherical and uniform in size,
uminescent nanoparticles
ioimaging
ime-gated luminescence
nvironmental pathogen

64 ± 4 nm in diameter. Compared with the dye-doping nanoparticles, dye leakage of the new nanopar-
ticles was remarkably decreased. In addition, it was found that the Ru(II) complex luminescence could
be effectively enhanced with a longer luminescence lifetime (∼2.3 �s) after forming the nanoparticles,
which enables the nanoparticles to be suitable as a bioprobe for time-gated luminescence bioimaging
applications. The nanoparticle-labeled streptavidin was prepared and successfully used for time-gated
luminescence imaging detection of an environmental pathogen, Giardia lamblia, with high specificity and

sensitivity.

. Introduction

Time-gated luminescence bioimaging technique has become a
seful tool in life science and microbial ecology in recent years
1–4]. The main advantage of this technique is that the short-lived
ackground fluorescence from the raw biological samples can be
ffectively eliminated, hence the specific long-lived signal can be
electively imaged with a high signal-to-noise ratio. In general, this
echnique requires lanthanide (Eu3+ and Tb3+) complexes that have
ong-lived luminescence as the detection probes. However, since
ptical excitation window of most luminescent lanthanide probes
s limited to the UV region, a major obstacle of the technique [5,6], it
as been highly desirable to develop other visible-light sensitized
robes suitable for time-gated luminescence detection. For this

urpose, luminescent Ru(II) complexes are considered to replace

anthanide complexes because of their visible-light excitation and
mission, larger Stokes shift and relatively longer luminescence
ifetime properties [7,8].

∗ Corresponding authors: Tel.: +86 411 84706293/84379590;
ax: +86 411 84706293/84379590.

E-mail addresses: jingliyuan@yahoo.com.cn (J. Yuan), guanyafeng@dicp.ac.cn
Y. Guan).
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© 2009 Elsevier B.V. All rights reserved.

On the other hand, the recent researches have shown that
luminophore-doped silica nanoparticles are very useful lumi-
nescent probes for bio-analysis and biotechnology applications
[9–12]. One of the main advantages of the silica nanoprobes is
that silica matrix can effectively shield the luminophores from
the outside environment, such as solvent molecules and free
radicals caused by light exposure, and therefore significantly
improve the photostability of luminophores inside. In addition,
the surface of silica nanoparticles can be easily modified with
various functional groups, such as amino, thiol and carboxylic
groups, to produce biocompatible nanoprobes. In recent years, the
Ru(II)–bipyridine complex, [Ru(bpy)3]Cl2, doped silica nanoparti-
cles have been applied for the selective tagging of a wide range of
biomedically important targets, such as bacteria, cancer cells and
individual biomolecules [12–16]. Because of the presence of a num-
ber of luminophores encapsulated within one nanoparticle, the
Ru(bpy)3Cl2-doped silica nanoprobe showed higher photo-stability
and stronger luminescence, providing a remarkable improvement
for the detection sensitivity [11]. However, due to the lack of

covalent attachment between the Ru(bpy)3Cl2 molecules and sil-
ica matrix, the dye leaking problem of Ru(bpy)3Cl2-doped silica
nanoprobe is inevitable, which might result in the decrease of
per-particle brightness and the increase of background levels in
bioassay processes [17].
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Giardia lamblia, one of the most prevalent and epidemic
ater-borne pathogens, has caused a number of diarrheal dis-

ase outbreaks worldwide [18]. The main spreading pathway of
he giardiasis is contaminated water and food. Giardia cysts can
urvive for weeks to months in cold water and are resistant to
onventional water treatment methods such as chlorination and
zonolysis, and therefore can be present in city reservoirs, even
lean-looking mountain streams [19–22]. Thus, fast and efficient
dentification of them in water and biological fluids is an impor-
ant task for both clinical diagnostics and environmental science.
ome methods have been developed for the detection and genetic
haracterization of a variety of parasites in recent years [23]. Of
he methods, amplification-based and hybridization-based ones
re more mature and commercially available. Noteworthily, the
dvance in fluorescence microscopy in the last few decades opened
he possibility of examining the structural organization of biologi-
al systems in more detail. However, due to the low dose required
or infection, the detection of Giardia lamblia in environmental
ater bodies requires the concentration of large volumes of water.
wing to the presence of large amounts of fluorescent mineral par-

icles, plant debris, algae, and other microorganisms in the highly
oncentrated (10,000-fold) water sample, the identification of flu-
rescently stained Giardia lamblia is often difficult and laborious
1,24,25].

In this work, luminescent silica nanoparticles covalently bound
ith a Ru(II) complex were prepared by using a new Ru(II)–diimine

omplex, tris(5-amino-1,10-phenanthroline)ruthenium(II) hex-
fluorophosphate [Ru(NH2-phen)3](PF6)2, as a luminophore core.
he amino group of the Ru(II) complex was converted into car-
oxylic group by succinic anhydride, and then the complex was
ovalently bound to (3-aminopropyl)triethoxylsilane (APS) to
orm the functionalized precursor (APS-Ru conjugate) that can
e copolymerized with APS and tetraethoxysilane (TEOS) by the
atalysis of aqueous ammonia in water-in-oil (W/O) microemul-
ion. The obtained nanoparticles are spherical, uniform in size
64 ± 4 nm in diameter), and highly luminescent with better
hoto-stability and longer luminescence lifetime than those of the
ree Ru(II) complex. In addition, the amino groups on the surface of
he nanoparticles make surface modification and bioconjugation
f the nanoparticles easier. The nanoparticle-labeled streptavidin
SA) was prepared and used for time-gated luminescence imaging
etection of Giardia lamblia. The results show that the imaging
sing the new nanoparticles as a probe can effectively eliminate
ackground fluorescence and accurately identify Giardia lamblia in
complex environmental sample.

. Experimental

.1. Materials and physical measurements

The Ru(II) complex dichlorotetrakis(dimethyl sulphoxide)
uthenium(II) [Ru(DMSO)4Cl2] and the ligand 5-amino-1,10-
henanthroline (NH2-phen) were prepared using the previous
ethods [26–29]. Triton X-100, (3-aminopropyl)triethoxylsilane

APS), tetraethyl orthosilicate (TEOS), N-hydroxysuccinimide (NHS)
nd 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ide (EDC) were purchased from Acros Organic. Tris(2,2′-
ipyridyl)dichlororuthenium(II) hexahydrate [Ru(bpy)3]Cl2•6H2O
as obtained from Sigma. Streptavidin (SA) was purchased from
hemicon International Inc. Giardia lamblia and its mouse mon-

clonal antibody were purchased from Biotech Frontiers Pty. Ltd.
iotinylated rabbit anti-mouse IgG antibody was prepared and used
ccording to a previous method [30]. Unless otherwise stated, all
hemicals were purchased from commercial sources and used with-
ut further purification.
9 (2009) 103–108

1H NMR spectra were measured on a Bruker DRX 400 spectrom-
eter (400 MHz). Mass spectra were recorded on a HP1100LC/MSD
electrospray ionization mass spectrometry (ESI/MS). Elemental
analysis was carried out on a Vanio-EL CHN analyzer. UV–vis
absorption spectra were measured on a PerkinElmer Lambda
35 UV–vis spectrometer. Luminescence excitation and emission
spectra were recorded on a PerkinElmer LS 50B luminescence spec-
trometer. Emission lifetimes were measured on an ISS-Chronos
multifrequency cross-correlation phase and modulation lifetime
spectrometer. Luminescence quantum yields (�) were measured in
the air saturated aqueous solution using [Ru(bpy)3]Cl2 complex as a
standard (� = 0.028) [31]. All spectra were recorded at room temper-
ature. The shape and size of the nanoparticles were characterized
using a JEOL JEM-2000EX transmission electron microscope (TEM).
All normal luminescence imaging and time-gated luminescence
imaging measurements were carried out on a laboratory-use lumi-
nescence microscope [2]. The microscope, equipped with a 100 W
mercury lamp, a B-2A filters (excitation filter, 450–490 nm; dichroic
mirror, 505 nm; emission filter, >520 nm) and a color CCD camera
system, was used for the normal luminescence imaging measure-
ment with an exposure time of 10 s. The microscope, equipped with
a 30 W xenon flashlamp, B-2A filters and a time-gated digital black-
and-white CCD camera system (gate resolution of 0.2 �s), was used
for the time-gated luminescence imaging measurement with the
conditions of delay time, 1.4 �s; gate time, 10 �s; lamp pulse width,
6 �s; exposure time, 20 s.

2.2. Synthesis of tris(5-amino-1,10-phenanthroline)ruthenium(II)
hexafluorophosphate

The 10 mL ethanol solution containing 33.8 mg Ru(DMSO)4Cl2
(0.07 mmol) and 44.9 mg NH2-phen (0.23 mmol) was refluxed for
15 h under N2 in the dark. After the solution was cooled to room
temperature, 10 mL of water was added, and the mixture was fil-
tered. To the filtrate was added 114 mg NH4PF6 (0.7 mmol) dissolved
in 10 mL water with stirring, the orange-yellow precipitate was
collected and washed with water and ether, and then purified by sil-
ica gel chromatography using an elution of CH3CN–H2O (saturated
with KNO3) with a gradient of water increasing from 0 to 10%. After
adding 91 mg NH4PF6 (0.56 mmol) dissolved in 2 mL water, 45 mg
pure Ru(II) complex, [Ru(NH2-phen)3](PF6)2, was obtained after
filtering and drying (66% yield). 1H NMR (acetone-d6) for [Ru(NH2-
phen)3](PF6)2, ı (ppm): 6.38 (s, 6H, amino protons), 7.30 (s, 3H),
7.54 (m, 3H), 7.76 (m, 3H), 7.90 (m, 3H), 8.40–8.29 (m, 6H), 8.90 (d,
3H). Anal. Calcd. for [Ru(NH2-phen)3](PF6)2 (%): C, 44.27; H, 2.79;
N, 12.90. Found (%): C, 44.41; H, 2.92; N, 12.74. ESI-MS: m/z 832.0
[M-PF6]+, 343.5 [M-2PF6]2+.

2.3. Preparation of the Ru(II) complex covalently bound silica
nanoparticles

Before the nanoparticle preparation, the APS-Ru conjugate was
prepared as follows. To a solution consisting of 5 mg [Ru(NH2-
phen)3](PF6)2 in 350 �L anhydrous DMF was added a mixture of
2 mg succinic anhydride and 20 �L triethylamine in 50 �L anhy-
drous DMF. The solution was stirred for 12 h at room temperature.
After 80 �L anhydrous ethanol solution containing 8.2 mg EDC and
4.0 mg NHS was added, the solution was agitated for 1 h, and then
6.5 �L APS was added with stirring. The reaction was kept for
another 3 h. The obtained solution containing APS-Ru conjugate

was used in the next step without further manipulation.

The Ru(II) complex covalently bound silica nanoparticles were
prepared in a water-in-oil reverse microemulsion with the follow-
ing procedure. To a flask were added 1.77 g Triton X-100, 1.6 mL
n-octanol and 7.5 mL cyclohexane with stirring to form a homoge-
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ous solution. To the solution were added an appropriate amounts
f APS-Ru conjugate solution (20, 40, 60, 80, 100, 120 and 140 �L,
espectively) and water (total amount of APS-Ru solution and H2O
as controlled to be 400 �L). After 100 �L TEOS and 5 �L APS were

dded with vigorous stirring, the polymerization reaction was ini-
iated by adding 60 �L concentrated aqueous ammonia (25–28%).
he reaction was allowed to continue for 24 h at room temper-
ture. The nanoparticles were isolated from the microemulsion
y adding acetone, followed by centrifuging and washing with
thanol and water several times to remove any surfactant molecules
nd physically adsorbed dye molecules from the particle’s
urface.

.4. Preparation of the nanoparticle-labeled SA

To 0.8 mL of 0.1 M phosphate buffer of pH 7.1 containing 2.0 mg
f BSA were added 1.0 mg of the nanoparticles and 0.2 mL of 1%
lutaraldehyde. After stirring for 24 h at room temperature, the
anoparticles were centrifuged and washed with the phosphate
uffer, and then added to 1.0 mL of the phosphate buffer contain-

ng 0.2 mg of SA. After 0.2 mL of 1% glutaraldehyde was added
nd the reaction mixture was stirred for 22 h at 4 ◦C, 2.0 mg of
aBH4 was added and the solution was incubated for another
h at room temperature. The nanoparticle-labeled SA was cen-

rifuged and washed three times with the phosphate buffer, diluted
ith 1.0 mL of 0.05 M Tris–HCl buffer of pH 7.8 containing 0.2%
SA, 0.1% NaN3, and 0.9% NaCl, and then stored at 4 ◦C before
se.

.5. Luminescence imaging of Giardia lamblia

To 6 �L Giardia lamblia solution (106 cysts/mL) were added 16 �L
f anti-Giardia monoclonal antibody (∼50 �g/mL), 16 �L of biotiny-
ated rabbit anti-mouse IgG antibody (∼50 �g/mL) and 10 �L of the
anoparticle-labeled SA (∼200 �g/mL) in a tube. After incubation

or 2 d at room temperature in the dark, the cysts were separated
y centrifugation (<500 rpm) and washed with 100 �L of distilled
ater several times to remove the unreacted nanoparticle-SA con-

ugate. The cysts were mixed with 20 �L of an environmental water

ample [6], and then spotted on a glass slide for luminescence
icroscopy imaging detection. To confirm the non-specific bind-

ng of the nanoparticles on Giardia cysts, a control experiment in
he absence of anti-Giardia antibody was also carried out with the
ame method.

Fig. 1. Preparation principle of the Ru(II) compl
(2009) 103–108 105

3. Results and discussion

3.1. Preparation and characterization of the nanoparticles

The preparation principle of the Ru(II) complex covalently bound
silica nanoparticles is presented in Fig. 1. After the amino group of
the complex was converted into carboxylic group by reacting with
succinic anhydride, the complex was covalently coupled with APS
in the presence of EDC and NHS to form a functionalized precur-
sor, APS-Ru conjugate. Then, the Ru(II) complex covalently bound
silica nanoparticles were prepared by hydrolysis copolymeriza-
tion of the precursor with TEOS and APS catalyzed by aqueous
ammonia in a W/O microemulsion. The resulting suspensions
were clear and stable over months if stored in the dark at 4 ◦C,
indicating the superb dispersibility of the nanospheres in the solu-
tion.

The nanoparticles are characterized with TEM and spectro-
scopic methods. The results of Fig. 2 show that the average
particle size can be controlled by the precursor (APS-Ru conju-
gate) concentration, increasing from 47 to 64 nm as the volume
of added precursor solution is increased from 20 to 120 �L (the
sizes in diameter of the nanoparticles prepared using 20, 40,
60, 80, 100 and 120 �L of APS-Ru conjugate solutions are 47 ± 3,
51 ± 3, 55 ± 4, 58 ± 4, 61 ± 3 and 64 ± 4 nm, respectively). The
particle shape is perfectly spherical with a smooth morphol-
ogy and narrow size distribution. However, the particle shape
became less spherical when higher volume (>120 �L) of precur-
sor solution was used (Fig. 2d). Thus the nanoparticles prepared
using 120 �L of APS-Ru conjugate solution (64 ± 4 nm in diam-
eter, corresponding to 1.2 mg of Ru(II) complex) were selected
for further characterization and application because of their sat-
isfactory shape and luminescence intensity. For comparison, the
Ru(II) complex physically encapsulated silica nanoparticles using
the same amount of luminophore (1.2 mg Ru(II) complex) and the
same W/O microemulsion system were also prepared. In this case,
spherical nanoparticles of 81 ± 4 nm in diameter were obtained
(Fig. 2e). Higher resolution images shown in the insets of Fig. 2a–d
show that, unlike physically doped nanoparticles (Fig. 2e), no black
spots are found inside the nanoparticles, which indicates that the
covalently bound Ru(II) complex molecules are distributed evenly

throughout the silica network rather than form clusters in the
nanoparticles. To the best of our knowledge, this is the first report
on preparing silica-based luminescent Ru(II)–diimine complex
nanoparticles by covalent binding method in W/O microemul-
sion.

ex covalently bound silica nanoparticles.
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ig. 2. Representative TEM images of the Ru(II) complex covalently bound (a–d, 20,
ncapsulated (e) silica nanoparticles. Insets in (a)–(d) are higher resolution images

The excitation and emission spectra of free [Ru(NH2-phen)3]2+

omplex and the nanoparticles in the aqueous solution were mea-
ured. As shown in Fig. 3, free [Ru(NH2-phen)3]2+ complex shows
mission band centered at 604 nm at room temperature, which

s characteristic metal-to-ligand charge transfer (MLCT)-based
uminescence typically observed in the spectra of Ru(II)–diimine
omplexes. The excitation spectrum of the nanoparticles remains
lmost the same to the free Ru(II) complex, but the maximum

ig. 3. Excitation (300–550 nm) and emission (500–800 nm) spectra of free
Ru(NH2-phen)3]2+ complex (solid lines, 20 �M) and the nanoparticles (dash lines,
00 mg/L) in 0.01 M phosphate buffer of pH 7.4 at room temperature.
0 and 140 �L of APS-Ru conjugate solutions were used, respectively) and physically
same particles.

emission wavelength of the nanoparticles is ∼9 nm shifted toward
the shorter wavelength compared with the free complex. It might
be due to the weak interaction between the Ru(II) complex and
the silica matrix. To give the dye amount in the covalent bind-
ing nanoparticles, the number of [Ru(NH2-phen)3]2+ molecules in
a 64-nm nanoparticle is estimated [30] to be about 3300, show-
ing the remarkable signal amplification effect of the nanoparticles
compared with a single dye molecule if they are used as bio-
probes.

Ru(II)–diimine complexes, such as [Ru(bpy)3]2+ and [Ru
(phen)3]2+, have been used for oxygen-sensing applications [32]
because their luminescence can be quenched by molecular oxygen.
It is believed that the encapsulation of the complex molecules
in silica nanoparticles can effectively increase the emission effi-
ciency, lifetime and photostability of the complex since the silica
matrix can provide a chemically and mechanically stable vehicle.
Indeed, the emission quantum yield (�) of either the covalently
bound nanoparticles (�, ∼6.0%) or the physically encapsulated
nanoparticles (�, ∼4.0%) was determined to be much higher than
that of the free [Ru(NH2-phen)3]2+ complex (�, ∼2.5%) in the air
saturated aqueous solution, using [Ru(bpy)3]Cl2 (�, 2.8%) as the
reference [31]. Moreover, the Ru(II) complex covalently bound
silica nanoparticles show a longer luminescence lifetime (2.28 �s),
3-fold longer than that of the free Ru(II) complex (0.77 �s) in
the air saturated aqueous solution using Ru(bpy)3Cl2 (0.43 �s)

as a standard [33], indicating that the new nanoparticles can
be used as a probe for time-gated luminescence bioimaging
application.

To evaluate the photostability of the nanoparticles, the photo-
stabilities of free [Ru(NH2-phen)3]2+ complex, the covalently bound
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ig. 4. Photobleaching experiments: free [Ru(NH2-phen)3]2+ complex (triangle), the
u(II) complex covalently bound nanoparticles (square) and physically encapsulated
anoparticles (circle) in aqueous solution phase with a 30 W deuterium lamp as
xcitation source.

nd physically encapsulated nanoparticles in 0.01 M phosphate
uffer of pH 7.4 against photobleaching were measured by using a
0 W deuterium lamp as an excitation source. The emission inten-
ity was recorded at 5 min intervals for a period of 1 h. The results
re shown in Fig. 4. After 1 h excitation, the emission intensity of the
ree complex was decreased 60%, whereas the emission intensities
f the covalently bound and physically encapsulated nanoparticles
ere only decreased 26% and 27%, respectively. The high photo-

tability of the nanoparticles is caused by the fact that the Ru(II)
omplex in the nanoparticles is surrounded by silica, which iso-
ates the complex from the outside environment, such as solvent

olecules and free radicals caused by light exposure, and therefore
ffectively protects the complex from photodecomposition.

The dye leakages for the covalently bound and physically encap-
ulated nanoparticles were investigated in the aqueous solution. A
ypical experiment procedure is as follows. Firstly, the suspension
f the nanoparticles was prepared and its luminescence inten-
ity was measured. After the nanoparticles were centrifuged down
14,000 rpm) for 10 min, and ultrasonically redispersed in water,
he luminescence intensity was measured again. Such a procedure
as repeated for three times keeping the same suspension volume.
s shown in Fig. 5, the luminescence intensity of the physically
ncapsulated nanoparticles is 21% decreased after washing three
imes, whereas that of the covalently bound nanoparticles is only

2% decreased when treated in the same way. These results clearly
ndicate that the dye leakage from the silica matrix can be effec-
ively reduced since the complex molecules are covalently bound
o silicon atoms in the nanoparticles.

ig. 6. Bright-field (a), luminescence (b) and time-gated luminescence (c) images of Giard
ample. Scale bars, 10 �m. The time-gated luminescence image is shown in pseudo-color
Fig. 5. Leakage experiments: the Ru(II) complex covalently bound nanoparticles
(square) and physically encapsulated nanoparticles (circle).

3.2. Time-gated luminescence imaging for Giardia cysts

The nanoparticle-labeled SA was used for time-gated lumines-
cence imaging of Giardia cysts in a complex environmental water
sample. Firstly, a control experiment was carried out using Gia-
rdia cysts incubated with biotinylated secondary antibody and
the nanoparticle-labeled SA. No binding event was found for the
nanoparticles onto the Giardia cysts surface, indicating the non-
specific absorption of the nanoparticles onto the cysts is negligible.
After Giardia cysts were incubated with the anti-Giardia antibody,
biotinylated secondary antibody and the nanoparticle-labeled SA,
the bright-field, normal luminescence and time-gated lumines-
cence imagings (excited at 450–490 nm) of Giardia cysts were
carried out. As shown in Fig. 6a, it is very difficult to identify the
single Giardia cyst from the bright-field image. Compared with
the normal luminescence image (Fig. 6b), the time-gated lumi-
nescence image (Fig. 6c) shows only the specific luminescence
signal from the Giardia cyst and the short-lived background fluo-
rescence from the other non-target co-existing substances can be
gated off effectively. The above results demonstrate that the new
nanoparticles can be used as a visible-light excitation bioprobe
for the detection of microorganisms in complicated environmen-
tal samples. In addition, the clear image excited with 450–490 nm
also indicate the availability of the new Ru nanoparticle-based
luminescence probe in routine time-gated luminescence bioassays
because its excitation can be accomplished by the semiconduc-
(LDs) with maximum outputs at violet to blue wavelengths, which
can be expected to sufficiently decrease the damage of excitation
light to biological samples in comparison with the UV excita-
tion.

ia lamblia stained by the nanoparticle-labeled SA in a complex environmental water
(wavelength of 615 nm) treated by a SimplePCI software [2].
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. Conclusions

In this work, luminescent silica nanoparticles covalently bound
ith a Ru(II) complex were prepared for the first time by
sing the reverse microemulsion method. The preparation is
ighly reproducible and easily controllable. The nanoparticles are
onodisperse, spherical, uniform in size, highly luminescent in

queous solution and have a longer luminescence lifetime. Com-
ared with the physically encapsulated nanoparticles, dye leakage
f the covalent binding nanoparticles is remarkably decreased
ecause the dye molecules are covalently bound to the silica matrix.
ue to the presence of surface amino groups, the nanoparticles are
lso easily conjugated with biomolecules. The availability of the
ew biocompatible nanoparticles was demonstrated by the highly
pecific time-gated luminescence imaging detection of an envi-
onmental pathogen, Giardia lamblia. In addition, it is noteworthy
hat the new Ru nanoparticle-based luminescent probe offers the
dvantages of visible-light excitation and emission and a longer
uminescence life-time in comparison with most UV excitation lan-
hanide probes. With the further development of the detection
ystem, it can be expected that the new nanoparticles serve as an
fficient probe for the identifications of microorganisms and living
ells in complex environmental and biological samples.
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a b s t r a c t

A novel amperometric biosensor for the analytical determination of hydrogen peroxide was
developed. The fabrication of the biosensor was based on the coimmobilization of horseradish
peroxidase (HRP), methylene green (MG) and multiwalled carbon nanotubes within ormosils; 3-
aminopropyltrimethoxysilane (APTMOS), 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (ETMOS) and
phenyltrimethoxysilane (PHTMOS). APTMOS determined the hydrophilicity/hydrophobicity of the
ormosils and PHTMOS and ETMOS increased the physical and mechanical strength of the ormosil matrix.
The ormosil modified electrodes were characterized with SEM, UV–vis spectroscopy and electrochemical
methods. Cyclic voltammetry and amperometric measurements demonstrated the MG coimmobilized
with HRP in this way, displayed good stability and could efficiently shuttle electrons between immobi-
lized enzyme and electrode, and MWCNTs facilitated the electrocatalytic reduction of H2O2 at reduced
over potential. The Micheaelis constant of the immobilized HRP was 1.8 mM, indicating a high affinity of

the HRP to H2O2 without loss of enzymatic activity in ormosil matrix. The prepared biosensor had a fast
response of H2O2, less than 10 s, and excellent linear range of concentration from 5 × 10−7 to 2 × 10−5 M
with the detection limit of 0.5 �M (S/N = 3) under the optimum conditions. At the same time, the influ-
ence of solution pH, effect of enzyme amount, steady-state applied potential and temperature on the
biosensor were investigated. The enzyme electrode retained about 90% of its initial activity after 30 days
of storage in a dry state at 4 ◦C. The preparation of the developed biosensor was convenient and showed

d stab
high sensitivity with goo

. Introduction

The rapid, accurate, reliable and simple analytical determination
f hydrogen peroxide is of great importance in clinical, industrial,
harmaceutical, food industry and environmental [1–5] analyses.
onventional hydrogen peroxide determination methods, such as
uorimetry [6,7], titrimetry [8], spectrometry [9] and chemilu-
inescence [10,11] are generally time consuming and cumbrous

or operation. Now the electrochemical method displays better
rospects due to its advantages of easy preparation, fast detection,

ow consumption of reagents and high selectivity and sensitiv-
ty [12]. Nowadays, horseradish peroxidase (HRP) has been widely

sed for the fabrication of ormosil based amperometric biosensors
o the detection of H2O2 due to its high purity, sensitivity, low cost
nd easy availability [13–15].

∗ Corresponding author.
E-mail address: SMChen78@ms15.hinet.net (S.-M. Chen).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.010
ility.
© 2009 Elsevier B.V. All rights reserved.

Carbon nanotubes (CNTs) have attracted considerable study
since their discovery [16]. Due to their high electrical conduc-
tivity, strong absorptive properties, good mechanical strength
and excellent biocompatibility, currently biomolecules have
been successfully integrated with MWCNTs. The integration of
biomolecules with MWCNTs enables the use of such hybrid system
as electrochemical biosensors (enzymes electrodes, DNA sensors
or immune sensors) [17–20]. The MWCNT-based biosensors offer
substantially greater signals especially at low potential, reflect-
ing the electrocatalytic activity of MWCNTs. Such low-potential
operation of MWCNT-based biosensor results in a wide linear
range and fast response time. Several number of amperometric
peroxide biosensors have been fabricated based on NAD+ and
SWNT modified electrode [21], poly(TB)/HRP/MWCNT/chitosan
modified electrode [22], MWCNT/polysulfone modified elec-

trode [23], MWCNT/BSA/HRP/ferrocene modified electrode
[24], MWCNT/HRP/MB modified electrode [25], silica-
hydroxyapatite/HRP nanocomposite modified electrodes [26],
TiO2/DNA/thionin nanocomposite modified electrode [27], Au-
modified TiO2 nanotube arrays/HRP modified electrode [28] and
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NT/ABTS/HRP based modified electrode [29]. Xie and co-workers
eveloped third-generation biosensor for H2O2 on the basis of the

mmobilization of horseradish peroxidase (HRP) in a nanocom-
osite film of tetrathiafulvalene–tetracyanoquinodimethane
TTF–TCNQ)/multiwalled carbon nanotubes (MWCNTs) modified
old electrode [30]. A series of water soluble organic dyes have
een used as mediators in solution, due to their excellent medi-
ting ability and low cost. But in solution, dye molecules will not
nly pollute the reference electrode and counter electrode, also
ecrease the analytical sensing ability of sensor, due to deposition

t on the electrode surface. Therefore, it would be preference to
mmobilize the dye on the electrode surface. To overcome this crit-
cal issue, we used organically modified sol–gel glasses (ormosils)
o encapsulate the dyes/biomolecules. The dye strongly interacts
ith the silanol groups of the porous surface and remains in a more

estricted environment at the ormosils than it is at the gel–glass
age. This observation indicates the ormosils would be a suitable
ost for dyes. Several redox dyes such as, methylene blue [31],
ethylene green (MG) [32], meldola blue [33] and Celestine blue

34] can be used as electron transfer mediators when immobilized
n the electrode surfaces. The leaching of biomolecules from the
lectrode surface during electrochemical characterization is a
rucial problem in the fabrication of electrochemical biosensor.
rmosils are the unique matrices to encapsulate the biomolecules

35–38], due to their inert chemical nature, high mechanical
trength, excellent optical properties, strong adhesion properties
o its surface support and ease of modification. The incorporation
f organic moieties increases the crosslinking in the matrix and
rovides improved electron transportation. The ormosil modified
lectrodes possesses a large potential window, low and almost
onstant background current over a large potential window, and
ast kinetics for a large number of electrochemical mediators. The
ntersection of ormosil with MWCNT will be a valuable asset in
he field of development of biosensor because the ormosils are
he appropriate matrices for the encapsulation of biomolecules
enzyme, protein, DNA, etc.) and MWCNTs provide better conduc-
ivity than graphitic carbon to its unique physical and chemical
roperties.

In this article we prepared a highly sensitive and selective H2O2
iosensor using three types of ormosils; 2-(3,4-epoxycyclohexyl)
thyltrimethoxysilane (ETMOS) phenyltrimethoxysilane (PHT-
OS), and 3-aminopropyltrimethoxysilane (APTMOS). Methylene

reen (as mediator) and HRP were coimmobilized within the
rmosils matrix with MWCNTs. The presence of organic functional
oieties in the ormosil, provide strong cage to the encapsulating

mall molecular size enzymes to remove the leaching problem. The
idely present amino groups in ormosils provide a hydrophilic
icroenvironment that is compatible with the biomolecules [39]

nd increase the stability of the biosensor. Cyclic voltammetric and
mperometric measurements were carried out to demonstrate the
easibility of MG as an electron shuttle between the immobilized

eroxidase and a glassy carbon electrode. MWCNTs incorporated
ithin ormosils facilitating the electron-transfer reaction between

he enzyme and the electrode. The resulting biosensor exhib-
ted high sensitivity and much better stability than the developed
iosensor based on the coimmobilization of horseradish peroxi-

able 1
omposition of Ormosils modified electrodes.

ME APTMOS (�l) ETMOS (�l) PHTMOS (�l) MG (1 mM) (�l) HRP

75 10 5 10 50
75 10 5 10 50

ME: ormosils modified electrode, APTMOS: 3-aminopropyltrimethoxysilane; ETMOS: 2
G: methylene green; HRP: horseradish peroxidase; MWCNTs: multiwalled carbon nano
ta 79 (2009) 38–45 39

dase and methylene blue on a CNT modified electrode [25], and
methylene blue/SiO2 nanocomposite modified electrode [40].

2. Experimental

2.1. Reagents and materials

Peroxidase from horseradish (POD, EC 1.11.1.7 type VI) was
obtained from Sigma; methylene green was purchased from Fluka.
phenyltrimethoxysilane, 3-aminopropyltrimethoxysilane, 2-(3,4-
epoxycyclohexyl)ethyltrimethoxysilane, N,N-dimethylformamide
(DMF) and multiwalled carbon nanotubes (10–15 nm diameter)
were purchased from Aldrich Chemical Co. Hydrogen peroxide
(30%, w/v solution) was purchased from Wako Pure Industrial Co.,
Japan. The concentrations of more diluted hydrogen peroxide solu-
tions were determined by titration with cerium(IV) to a ferroin end
point. Phosphate buffer solutions (PBS) of various pH were prepared
with 0.1 M KH2PO4 and 0.1 M Na2HPO4 with supporting electrolyte
0.1 M KCl. All other chemicals employed were of analytical grade.
All the solutions were prepared with doubly distilled water.

2.2. Apparatus

The electrochemical measurements were performed with a
computer controlled CHI750A (TX, USA) electrochemical system.
Cyclic voltammetry and amperometric measurements were done
with a three electrode system comprising the MG/HRP/GCE and
MWCNTs/MG/HRP/GCE as a working electrode, an Ag/AgCl ref-
erence electrode and platinum wire as counter electrode. All
electrochemical measurements were carried out in 5 ml (0.1 M, pH
7.2) phosphate buffer solution (PBS). All experimental solutions
were thoroughly deoxygenated by bubbling nitrogen through the
solution for at least 15 min. Hitachi scientific instruments (Japan)
Model S-3000H scanning electron microscope and Hitachi scien-
tific instruments (Japan) Model U-3300 UV–vis spectrophotometer
were used for surface image and UV–vis spectra measurements,
respectively.

2.3. Fabrication of H2O2 biosensor

A glassy carbon electrode (GCE, 3 mm in diameter) was pol-
ished with 1.0, 0.3 and 0.05 �m Al2O3 slurry successively followed
by rinsing thoroughly with double distilled water until a mirror-
like surface was obtained. Then it was washed ultrasonically in
1:1 nitric acid, absolute ethanol and double distilled water, each
for 5 min, and allowed to dry at room temperature. Two types of
ormosils modified electrodes (OME) were fabricated based on the
composition given in Table 1.

A) MWCNTs/MG/HRP/GCE: 75 �l of 3-aminopropyltrimethoxy-
silane, 10 �l (1 mM) of methylene green and 225 �l of dou-

bly distilled water were mixed in a cell with constant stirring,
followed by the addition of 50 �l (1 mg/ml) of horseradish
peroxidase (HRP) and 30 �l (1 mg/ml in DMF) of MWCNTs in
same solution and stirred for 5 min to get homogeneous solu-
tion. After that 2-(3,4-epoxycyclohexyl)ethyltrimethoxysilane,

1 mg/ml (�l) DD water (�l) MWCNTs (1 mg/ml in DMF) (�l) HCl (�l)

225 – 10
225 30 10

-(3,4-epoxycyclohexyl)ethyltrimethoxysilane; PHTMOS: phenyltrimethoxysilane;
tubes.
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phenyltrimethoxysilane and 0.1N, 10 �l HCl were mixed and
stirred for 10 min to allow to completion of hydrolysis. The
prepared ormosil film was smooth and crackfree.1.4 �g of HRP
enzyme was deposited on the electrode surface.

B) MG/HRP/GCE: This ormosils modified electrode was prepared
as the same procedure mentioned for ormosils modified elec-
trode A and differ only the absence of MWCNTs. 10 �l of the
prepared homogeneous solution was added over the glassy
carbon electrode followed by multiwalled carbon nanotubes
modified ormosils formation for 6–7 h at room temperature.
The OMEs were washed in phosphate buffer (0.1 M, pH 7.2)
followed by incubation of electrodes for 4 h in same buffer.

. Result and discussion

.1. Physical characterization

.1.1. SEM and AFM of ormosil modified composite
The physical morphology also affects the response of the enzyme

lectrode. Thus, the study of surface morphology of the ormosils
odified matrix is an important factor affecting its analytical per-

ormance. Fig. 1a and b shows the SEM of different surfaces. Fig. 1a
s the image of ormosils immobilized with spherical particles of
RP. The immobilized HRP ormosils electrode surface was smooth
nd indicates that the enzyme was successfully incorporated within
rmosils matrix. Fig. 1b displays the SEM image of MWCNTs and
RP within ormosils matrix. It was shown that the MWCNTs (diam-
ter in the range of 30–50 nm) was spread around and equally
istributed in the ormosil matrix. The surface of the MWCNTs
ecame rough due to presence of enzyme. It suggested that HRP
nzymes disperse along the side walls of MWCNTs in the ormosils
lm. Therefore, the uniform and open nanostructure provided a sig-
ificant increase of effective surface for HRP enzyme loading and a
ood preparation reproducibility of the biosensor.

Typical AFM image (tapping mode) of the MWCNTs/MG/HRP in
rmosil composite was shown in Fig. 1c. The thickness of MWC-
Ts/MG/HRP/Ormosils layer was about 100–108 nm (estimated

rom the AFM image) and showed an island-like structure. The
eight difference between the bright region and the dark ground
as about 20 nm. The AFM measurement of HRP immobilized in
WCNTs/MG/Ormosil indicated that the deposited enzyme formed
uniform layer with globular shape. The bright regions indicated

he presence of MWCNTs in the ormosil film. These features would
elp in retaining of dopants for long time and improving the elec-
rochemical behavior of the film.

.1.2. UV–visible spectra of ormosil modified composite
Fig. 2 shows the UV–vis spectra of the MG in water and MG

ncorporated with HRP in ormosils from 300 to 800 nm. The UV–vis
pectrum for the MG head peaks at 664 and 610 nm (Fig. 2, curve
). In the case of MG incorporated within ormosils composites
Fig. 2, curve b), the absorption peaks at 664 nm disappeared, due to
nteraction between MG and SiO2 present in ormosils, whereas the
eak at around 610 nm shifted slightly towards lower wavelength at
90 nm (blue shift, by about 20 nm) and showed the dimeric form
f the dye [41]. The absorption observed at 403 nm corresponds
o the HRP heme group absorption and revealed that the HRP was
uccessfully immobilized within the matrix and retained enzymatic
roperties in ormosil film.
.2. Electrochemical studies of MWCNTs/MG/HRP/GCE

Fig. 3 displays the typical cyclic voltammograms of MG/HRP/GCE
nd MWCNTs/MG/HRP/GCE incorporated within ormosils, over a
otential range from 0.0 to −0.4 V in 0.1 M PBS (pH 7.2) at different
Fig. 1. Typical SEM of ormosils/HRP in the absence of MWNTs (a) presence of
MWCNTs (b) composite film on the surface of ITO glass and (c) AFM image of the
MWCNTs/MG/HRP composite film coated on ITO glass.

scan rates. Fig. 3b illustrated the remarkable significance of MWC-
NTs in the electrochemical behavior of modified electrode. The
modified electrode with MWCNTs shows a well defined reversible
voltammogram corresponding to the redox reaction of MG. Mul-
tiwalled carbon nanotubes not only increase the peak current,

also improved the redox nature of methylene green incorporated
within ormosils because the MWCNTs increase the effective sur-
face area of modified electrode. The peak separation (�Ep) was
typically small (∼35 mV) and the ratio of anodic and cathodic
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Fig. 2. UV–vis spectra of methylene green in
eak current was close to unity for MWCNTs modified electrode.
t was clear that the peak potential was independent of the scan
ate in the range between 10 and 200 mV s−1. On the other hand,
he MG/HRP/GCE shows poor electrochemical response for MG

ig. 3. Cyclic voltammograms of methylene green immobilized in ormosil in the
bsence (a) and presence (b) of MWCNTs in 0.1 M PBS (pH 7.2) at the scan rate of 5,
0, 20, 50, 100 and 200 mV s−1.
on (a) and in ormosil immobilized with HRP.

(Fig. 3a). As shown, the anodic and cathodic peaks were rather
broad and the magnitude of the peak current was significantly
lower than that observed on the MWCNTs composite electrode.
Furthermore, the �Ep at the MG/HRP/GCE was relatively large, sug-
gesting a sluggish electron transfer kinetics. From this result, we
confirmed that MWCNTs/MG/HRP composites have good electro-
chemical reversibility. Both the anodic peak current and cathodic
peak current were proportional to scan rate at the above scan range,
suggesting that peak currents were surface confined. This suggested
that redox dye as mediator was immobilized on the surface of the
electrode successfully. The electrochemical behavior of MG modi-
fied with MWCNTs, without incorporated within ormosils was also
investigated. MG molecules at once leached out from the electrode
surface and no significant signal was observed (data not shown).
To overcome this shortcomes, we used excellent ormosils matrix
to encapsulate the MG and enzyme to increase the sensitivity and
stability of hydrogen peroxide biosensor.

Surface coverage (� ) for the electroactive species was estimated
by using Eq. (1)

� = Q

nFA
(1)

where A (0.70 cm2) is the area of the working GCE, n (=1) the number
of electron per reactant molecule, Q the charge obtained by inte-
grating the anodic peak at low voltage scan rate (10 mV s−1), and F
is the Faraday Constant. In the present case, the calculated surface
coverage for the electroactive species was 1.59 × 10−11 mol cm−2.

3.3. Electrocatalysis of H2O2 on the MWCNTs/MG/HRP/GCE

At bare GC electrode, there was no response in the presence of
H2O2. Fig. 4 displays the cyclic voltammograms of plane MG modi-
fied electrode without addition of H2O2 (curve A), and MG/HRP/GCE
(curve B), MWCNTs/MG/HRP/GCE (curve C) in the presence of
0.5 mM H2O2 in 0.1 M PBS (pH 7.2) at the scan rate of 50 mV s−1.
It can been seen (Fig. 4, curve B) a small response was observed for
MG/HRP/GCE in the potential range −0.05 to −0.18 V in the presence

of 0.5 mM H2O2, but the modified electrode MWCNTs/MG/HRP/GCE
(Fig. 4, curve C) showed a remarkable increased cathodic current
in the same amount of H2O2. The reduction catalytic current of
hydrogen peroxide starts at 0.0 V and obvious catalytic reduction
peak appears at the potential of −0.18 V. This observation illustrated
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ig. 4. Cyclic voltammograms of (A) plane MG incorporated in ormosil (B) and (C)
re the CVs of MG/HRP/GCE and MWCNTs/MG/HRP/GCE respectively in the presence
f 0.5 mM H2O2 in 0.1 M PBS (pH 7.2) at the scan rate of 50 mV s−1.

hat MWCNTs played a significance role and facilitated the electro-
atalysis of hydrogen peroxide on the modified electrode. MWCNTs
ot only increased the catalytic current, but also lowered the over-
otential to reduce the interferences in the measurements. Fig. 5
resents the CVs of addition of various concentration of hydrogen
eroxide at the scan rate of 50 mV s−1 in (0.1 M, pH 7.2) PBS. The
athodic peak current was dramatically increased and anodic peak
urrent disappeared, indicated the fast electrocatalytic reduction of

eroxide on the MWCNTs modified electrode.

The mechanism of the sensor can be summarized as follows. The
eroxidase (POD) reduces hydrogen peroxide to water.

2O2 + POD(red) → H2O + POD(ox)

ig. 6. (a) Influence of pH on the H2O2 sensor, study-state current measured in the prese
ffect of potential on the sensor response for 0.5 mM H2O2 in 0.1 M PBS (pH 7.2). (c) Influe
Fig. 5. Cyclic voltammograms of MWCNTs/MG/HRP/GCE in the presence of different
concentration of H2O2: 0.3 0.5, 0.7, 1.0, 1.2 mM in 0.1 M PBS (pH 7.2) at the scan rate
of 50 mV s−1.

Then the oxidized peroxidase converts MGH to MG+

POD(ox) + MGH → POD(red) + MG+ + H+

This overall reduction reaction of POD(ox) included two separate
steps:

POD(I) + MGH → POD(II) + MG•
POD(II) + MG• → POD(red) + MG+

Where one electron was donated at a time, POD(I) was POD(ox) and
MG• represented the free radical formed during the reaction.

nce of 0.5 mM H2O2 in 0.1 M PBS (pH 7.2) at applied potential of −0.18 at 25 ◦C. (b)
nce of the amount of HRP on the fabrication of biosensor.
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Fig. 7. Amperometric response of (a) MWCNTs/MG/HRP/GCE and (b) MG/HRP/GCE
A.K. Upadhyay et al.

MG+ reduced at the sensor, resulting in a cathodic current.

G+ + H+ + 2e → MGH

.4. Optimization of experimental conditions

.4.1. Influence of pH and temperature on the sensor
It is well known that pH is a critical parameter of the enzyme

ctivity and the stability in aqueous media [42]. The influence of
he solution pH in the overall reaction for the electroanalysis of
0.5 mM) H2O2 using 0.1 M, PBS at pH 4.0 to 9.0 was studied Fig. 6a.
he current and potential of the peak depended on the solution
H. The experimental results showed that the current response
as higher at pH 7.2, when pH > 7.2/pH < 7.2, the current response
ecame smaller. This was attributed to the higher activity of HRP

n slight alkaline pH solution. Thus, the optimum pH for further
tudies was sit at 7.2.

The effect of temperature on the sensor had been examined
etween 15 and 45 ◦C. The response signal of the H2O2 sensor

ncreased as the temperature varied from 15 to 37 ◦C. But at temper-
ture lower than 20 ◦C, the activity of the enzyme was rather lower
nd the response time was relatively longer. On the other hand, at
emperatures higher than 37 ◦C, the activity of enzyme decreased
apidly due to the partial denaturation of the enzyme. Taking both
he lifetime and response time into consideration, 25 ◦C was the
elected temperature for this work.

.4.2. Effect of applied potential on the sensor
The applied potential has an important influence over the sensor

esponse, because the applied potential contributes to the sensitiv-
ty and selectivity of the system [43]. The steady-state response
o 0.5 mM H2O2 was measured at several applied potential values
n 0.1 M, PBS buffer at pH 7.2, as shown in Fig. 6b. Electroreduc-
ion of H2O2 was observed already at approximately −0.18 V, and
he steady-state current increased slowly with applied potential
ecreasing from −0.10 V to −0.18 V which can be attributed to
he increasing driving force for the fast reduction of compounds.
he current approaches a maximum value at −0.18 V and constant
ill −0.25 V, and then started decline. To avoid interferences and
eduction of oxygen at high negative applied potential, −0.18 V was
elected as the applied potential for amperometric measurement.
his potential was superior to the previous reported work [44].

.4.3. Influence of HRP amount on sensor fabrication
The amount of the enzyme in composite is a vital factor affecting

he analytical sensitivity of the biosensor. The influence of amount
f immobilized HRP on the analytical characteristics of the enzyme
lectrode was studied using CVs. Fig. 6c displays the effect of the
mount of HRP enzyme in the MWCNTs modified electrode. The cur-
ent response increases as the enzyme amount is increased and was
aximum at 1.2 mg ml−1. For higher amounts than 1.2 mg ml−1

, a
eduction of the biosensor sensitivity is observed due to diffusion
imitation. So, an optimum loading of 1.2 mg ml−1 HRP was used for
ubsequent experiment.

.5. Kinetic analysis

The apparent Michaelis constant (KM), which gives an indica-
ion of the enzyme-substrate kinetics, can be calculated from the
lectrochemical version of the Lineweaver–Burk equation

1 1 K 1

Iss

=
Imax

+ M

Imax C

here Iss is the steady-state current after the addition of substrate,
is the bulk concentration of the substrate and Imax is the maxi-
um current measured under saturated substrate condition. The
in a stirred 0.1 M PBS (pH 7.2) after successive hydrogen peroxide additions at applied
potential −0.18 V vs. Ag/AgCl. Inset shows the linear calibration plot of catalytic
currents vs. hydrogen peroxide concentrations.

KM value was determined by analysis of the slope and intercept
for the plot of the reciprocals of the cathodic current versus H2O2
concentration. The KM value of the H2O2 sensor was determined by
steady-state amperometric response and found to be 1.8 mM, which
was smaller than those of 7.6 mM for HRP on nanoscopic gold tubes
arrays modified nanoelectrode [45], 4.6 mM for HRP immobilized in
sol–gel/hydrogel modified electrode [46], 4.3 mM for HRP in mul-
tilayer QPVP film [51], 4.51 mM for HRP on AuNP/CHIT/SPCE [47],
4.04 mM for HRP on TTF/TCNQ/MWCNTs modified electrode [30],
2.5 mM for HRP immobilized on a ferrocene containing polymer
electrochemically deposited onto a Pt electrode [48], 5.12 mM for
SBP (soybean peroxidase) immobilized in sol–gel thin film [49] and
was close to 2.0 mM for HRP immobilized on FMC-BSA/MWCNTs
ormosil composite-modified GC electrode [50] and 2.1 mM for
sol–gel/nafion/MG electrode [32]. The smaller value of KM value
means that the immobilized HRP possesses higher enzyme activ-
ity, and the present modified electrodes exhibit higher affinity to
H2O2. The immobilization of HRP in ormosils mentioned appears
to be beneficial to improving the biosensor’s performance.

4. Analytical characterization of H2O2 sensor

Fig. 7 presents the dynamic amperometric response of the sen-
sor at a working potential of −0.18 V with successive injections of
0.5 mM H2O2 in 0.1 M PBS (pH 7.2) on MG/HRP/GCE and MWC-
NTs/MG/HRP/GCE. The trace clearly demonstrated the fast response
and high sensitivity of the MWCNTs/MG/HRP/GCE to H2O2 than
MG/HRP/GCE, suggested that the MWCNTs facilitated the electron
transfer in the matrix and enhanced the electrocatalytic proper-
ties of modified electrode. The response time was less than 10 s
(t = 95% of Imax), which was much lower than that earlier reported
for H2O2 biosensor [52,53]. Fig. 6 (inset) shows the calibration plot
of the biosensor. The response to H2O2 was linear in the range
from 5 × 10−7 to 2 × 10−5 M with a correlation coefficient of 0.998
(n = 10), with the lower limit of detection 0.5 �M at a signal to
noise ratio of 3. The higher sensitivity of the sensor may result
from the biocompatible microenvironment around the enzyme
[54]. The linear range, response time and limit of detection observed

with MWCNTs/MG/HRP film electrode is in general comparable
with most of the modified electrode reported in the literature
(Table 2). The recovery rate was also estimated with the basic
method of slandered recovery test. The recovery data were obtained
as 98.6%.
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Table 2
Comparison of the efficiency of MWCNTs/MG/HRP modified electrode used in determination of H2O2.

Electrode Method Electrolyte LOD (�M) LCR (M) RT (s) Ref.

MWCNT/MB/HRP/GCE CV pH 7 PBS 1 4 × 10−6 to 2 × 10−3 <30 25
MWCNT/PS/HRP/SPE CV pH 7 PBS 25 2 × 10−5 to 5 × 10−4 – 23
MWCNT/FMC-BSA/HRP/GCE CV, FIA pH 6.8 PBS 5 2 × 10−5 to 4.5 × 10−3 20 24
PDDA-Au/DNA-Ag/HRP CV pH 6 PBS 2 7 × 10−6 to 7.8 × 10−3 15 50
SG/MG/nafion/HRP/GCE CV pH 7 PBS 0.1 5 × 10−7 to 1.6 × 10−3 20 32
MB/HRP/GA/GPE CV pH 7 PBS 3 9.9 × 10−6 to 6.49 × 10−4 – 55
Ag-nano/PVA/Pt CV pH 7 PBS 10 45 × 10−6 to 6 × 10−3 – 56
Gelatine/MB/HRP/GCE CV pH 7 PBS 4 1 × 10−5 to 1.2 × 10−3 <20 40
NMB/HRP/GCE CV pH 7 PBS 2.07 2.5 × 10−6 to 1 × 10−4 <20 57
MG/HRP/zeolite/GCE CV pH 7 PBS 0.5 2.5 × 10−6 to 2.4 × 10−4 40 44
MWCNT/MG/HRP/GCE CV pH 7.2 PBS 0.5
PEGDGE/SBP/GCE CV pH 7.4 PBS –

LCR: linear concentration range; LOD: limit of detection; RT: response time.

Table 3
Interferences studies.

Interferents Current ratio

Uric acid 1.01
Glucose 1.00
Cysteine 1.00
Dopamine 1.03
Ascorbic acid 1.00
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xalic acid 0.97
ADH 1.00
itric acid 0.99

.1. Stability of the biosensor

The stability of the biosensor was examined by amperometric
easurements in the presence of 6 �M H2O2 periodically. It was

ound that the biosensor retained its 90% response after 1 month
f testing. When the biosensor was not in use, it was stored under
ry conditions at 4 ◦C in a refrigerator. The good long-term stabil-

ty can be attributed to the great stability of MG and the excellent
iocompatibility and the stabilizing microenvironment around the
RP provided by the organically modified sol–gel composite matrix.

.2. Selectivity against interferences

The selectivity of this H2O2 biosensor was evaluated by H2O2
eterminations in the presence of some potentially coexisting com-
ounds of H2O2 in biological systems. In this experiment, six

nterfering substances including uric acid, dopamine, ascorbic acid,
lucose, cysteine, oxalic acid, NADH and citric acid were tested and
he results were listed in Table 3. It can be observed that the eight
ested interferents exerted neglectable influences on the determi-
ation of H2O2.

. Conclusion

We have developed a novel MWCNTs/ormosils based elec-
rochemical biosensor for the analytical detection of hydrogen
eroxide. HRP and MG were successfully incorporated within
rmosils matrix. The experimental results proved that the MWC-
Ts imparting the electrocatalytic property of modified electrode
ue to enhance the rate of electron transportation within omosils
lm. The modified electrode MWCNTs/MG/HRP/GCE showed stable
nd reproducible electrochemical behavior, long stability and excel-
ent electrochemical reversibility. This modified electrode showed

xcellent electrocatalytic activity for H2O2 reduction at reduced
ver potential with fast response time (<10 s) with very low limit
f detection. So, this novel and efficient strategy, that is, successful
oimmobilization of HRP, MG as a mediator, and MWCNTs within
rmosils for the construction of the hydrogen peroxide biosensor,

[

[
[
[

5 × 10−7 to 2 × 10−5 <10 Present work
1 × 10−7 to 2 × 10−4 – 58

opens up a new approach to construct verity of organically modified
sol–gel glasses amperometric biosensors.
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a b s t r a c t

Features of Au NPs-aptamer conjugates as a powerful competitive reagent to substitute antibody in
enhancing surface plasmon resonance spectroscopy (SPR) signal for the detection of small molecule are
explored for the first time. In order to evaluate the sensing ability of Au NPs-aptamer conjugates as a com-
petitive reagent, a novel SPR sensor based on indirect competitive inhibition assay (ICIA) for the detection
of adenosine is constructed by employing the competitive reaction between antiadenosine aptamer with
adenosine and antiadenosine aptamer with its partial complementary ss-DNA. The partial complemen-
tary ss-DNA of antiadenosine aptamer is firstly immobilized on SPR gold film as sensing surface. When
the Au NPs-antiadenosine aptamer conjugates solution is added to SPR cell in the absence of adenosine,
Au NPs-antiadenosine aptamer conjugates is adsorbed to SPR sensor by the DNA hybridization reaction,
and results in a large change of SPR signal. However, the change of SPR signal is decreased when the
mixing solution of adenosine with Au NPs-antiadenosine aptamer conjugates is added. This is because
adenosine reacts with antiadenosine aptamer in Au NPs-antiadenosine aptamer conjugates and changes

its structure from ss-DNA to tertiary structure, which cannot hybridize with its partial complementary
ss-DNA immobilized on SPR gold surface. Based on this principle, a SPR sensor for indirect detection of
adenosine can be developed. The experimental results confirm that the SPR sensor possesses a good sen-
sitivity and a high selectivity for adenosine, which indirectly confirms that Au NPs-aptamer conjugates
is a powerful competitive reagent. More significantly, it can be used to develop other SPR sensors based
on ICIA to detect different targets by changing the corresponding type of aptamer in Au NPs-aptamer

conjugates.

. Introduction

Indirect competitive inhibition assay (ICIA) has been receiv-
ng increased attention in surface plasmon resonance spectroscopy
SPR) because it can greatly enhance the sensitivity of SPR for
etecting small molecules [1–3]. The most critical point for the ICIA
echnique is to find an excellent competitive reagent to amplify SPR
ignal for indirect detection of small molecules. An excellent com-
etitive reagent should not only bind well with small molecules, but
hould also result in a large change of SPR signal after it has been
dsorbed on the SPR gold film [4]. At present, SPR sensors based
n ICIA technique for detecting small molecules employ analyte
small molecule)-antibody system [5–7]. In this system antibody

s used as a competitive reagent to induce SPR signals. However,
t is well known that the change of SPR signals resulting from
ntibody adsorption is not very large. Furthermore, the types of
ntibody responding to small molecules are limited, which restricts

∗ Corresponding author. Tel.: +1 508 831 5275; fax: +1 508 831 5936.
E-mail address: szhou@wpi.edu (H.S. Zhou).

039-9140/$ – see front matter. Published by Elsevier B.V.
oi:10.1016/j.talanta.2009.03.003
Published by Elsevier B.V.

the extensive application of ICIA in SPR sensors for detection of
small molecules. Thus, it is imperative to explore novel competi-
tive reagents that can not only extend the application of ICIA, but
can also enhance the sensitivity the SPR sensors for detecting small
molecules.

Recently, techniques based on aptamers are taking a very signifi-
cant role in the development of specific detectors for different kinds
of analytes, especially for small molecules [8–16]. Many reports
have confirmed that aptamers can be used to substitute antibodies
in bioanalytical sensing [17–24]. However, there have been little
or no efforts made to utilize aptamer as a competitive reagent of
ICIA in place of antibody in SPR spectroscopy. Maybe the reason
comes from the fact that the change of SPR signal resulted from the
adsorption of aptamer is smaller than that of antibody because the
molecule weight of most aptamer is smaller than antibody. How-
ever, this problem is easy to be overcome by the amplifying effect

of gold nanoparticles (Au NPs). Many reports had confirmed that
Au NPs can greatly enhance the sensitivity of biosensor [25–31].
Furthermore, many literatures had also confirmed that aptamer is
very easy to be tagged by Au NPs [32–34]. Therefore, utilizing Au
NPs-aptamer conjugates as a competitive reagent of ICIA to substi-
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ute antibody for enhancing the sensitivity of SPR for the detection
f small molecule is expected to be a promising approach.

In this work, we adopt adenosine and antiadenosine aptamer as
model system to evaluate the sensing ability of Au NPs-aptamer

onjugates as a competitive reagent. We design a novel SPR sen-
or based on ICIA to detect adenosine. Our results confirmed Au
Ps in Au NPs-aptamer conjugates greatly enhance the sensitivity
f present SPR sensor for detection of adenosine; antiadenosine
ptamer in Au NPs-aptamer conjugates promise the selectivity
f present SPR sensor for adenosine. Thus, the application of Au
Ps-aptamer conjugates can combine the advantage of aptamer

echnique and amplifying effect of Au nanoparticles, which will be
enefit to extend the application of SPR spectroscopy for detection
f small molecules.

. Experimental

.1. Materials

Trisodium citrate, hydrogen tetrachloroaurate (III) (HAuCl4),
-mercaptohexan-1-ol (MCH), adenosine, uridine, cytidine and
uanosine were purchased from Sigma and used as received. All
NA molecules were obtained from Integrated DNA Technologies

IDT). The sequence of the adenosine-binding aptamer was 5′-SH-
6-AGA GAA CCT GGG GGA GTA TTG CGG AGG AAG GT-3′ (aptamer),
he sequence of its part complementary strand was 5′-SH-C6-ACC
TC CTC CGC-3′ (ss-DNA). DNA solutions were prepared by dis-
olved DNA in 50 mM pH 8.0 Tris–HCl buffer including 138 mM
aCl. Different concentrations of adenosine and 1 mM uridine, cyti-
ine, guanosine were all prepared in the Tris–HCl buffer.

.1.1. The synthesis and modification of Au NPs with a diameter of
13 nm

All glassware used in the following procedures was cleaned in
bath of freshly prepared 3:1 HCl:HNO3 (aqua regia) and rinsed

horoughly in H2O prior to use. Au NPs stabilized with citrate were
ynthesized according to our previous work [35]. That is, 100 mL of
mM HAuCl4 (4 mL 1% (w/w) HAuCl4 solution dissolved in 96 mL
2O) was brought to a reflux while stirring and then 10 mL of a
8.8 mM trisodium citrate (10 mL 1.14% (w/w) trisodium citrate)
olution was added quickly, which resulted in a color change of
he solution from pale yellow to deep red. After the color change,
he solution was refluxed for an additional 15 min and left to cool
o room temperature. The diameter of Au NPs was detected by
ynamic light scattering. The data was shown in Fig. 1.
Au NPs-aptamer conjugates were prepared according to the
iterature with some modification [36]. That is, transfer 3 mL of
he already prepared Au NPs to the NaOH-treated glass vials and
hen add 120 �L 10 �M aptamer with magnetic stirring to facilitate
he reaction for 16 h. The final Tris–HCl concentration is ∼50 mM.

Fig. 1. The diameter of Au NPs detected by dynamic light scattering.
Fig. 2. UV–vis absorption of (a) Au NPs, (b) Au NPs-aptamer conjugates, and (c) Au
NPs-aptamer conjugates after MCH treatment.

Centrifuge Au NPs-aptamer conjugates at 14,000 × g at room tem-
perature for 25 min twice to remove the free aptamer. And then,
disperse the Au NPs-aptamer conjugates in 2 mL of buffer contain-
ing 138 mM NaCl, 50 mM Tris–HCl, pH 8.0.

MCH treatment of Au NPs-aptamer. The prepared Au NPs-aptamer
conjugates were treated with MCH according to Li et al.’s report
[37]. Briefly, MCH was added to the prepared Au NPs-aptamer con-
jugates solution to give a final MCH concentration of ∼4 �M. The
MCH treatment was performed at room temperature for 30 min.
The reaction was quenched by two washes with equal volumes of
ethylacetate, which removed excess MCH from solution. A similar
centrifugal procedure was used to collect the Au NPs-aptamer con-
jugates. At last, the Au NPs-aptamer conjugates were dispersed in
2 mL of buffer containing 138 mM NaCl, 50 mM Tris–HCl, pH 8.0
again.

UV–vis absorption spectrum is used to observe the change of
Au NPs status after aptamer labeling and MCH treating. The results
were shown in Fig. 2. We can see that the absorbance of Au nanopar-
ticles at 519 nm did not change greatly after aptamer labeling and
MCH treating, it means these modifications do not affect the char-
acter of Au NPs. The decrease of peak intensity mainly comes from
the loss of Au nanoparticles during the process of centrifugation.

2.2. In situ SPR measurement

The SPR experiments were done using Eco Chemie Autolab SPR
systems (Brinkmann Instruments, New York, USA). It works with a
laser diode fixed at a wavelength of 670 nm, using a vibrating mirror
to modulate the angle of incidence of the p-polarized light beam on
the SPR substrate. The instrument is equipped with a cuvette. Gold
sensor disk (25 mm in diameter) was mounted on the hemicylindri-
cal lens (with index-matching oil) to form the base of the cuvette.
An O-ring (3 mm inner diameter) between the cuvette and disk
prevents leakage. An auto-sampler (Eco Chemie) with controllable
aspirating–dispensing–mixing pipette was used to add samples
into the cuvette and provide constant mixture by aspiration and
dispensing during measurements. This experimental arrangement
maintains a homogenous solution and reproducible hydrodynamic
conditions.

For detailed experiment, the SPR gold film was firstly immersed
into the ss-DNA solution for 12 h in order to assemble the monolayer

of ss-DNA. Then the modified gold film was thoroughly rinsed with
50 mM Tris–HCl buffer and water to remove the weakly adsorbed
ss-DNA. Ss-DNA modified SPR gold film was immersed in 100 �M
6-mercapto-hexanol for 1 h to block the uncovered gold surface.
This gold film was used as a sensing surface to detect the amount
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Fig. 3. Schematic representation of the SPR biosensor for the detection of th

f aptamer possessing ss-DNA structure on Au NPs-aptamer con-
ugates, which can be adjusted by the concentration of adenosine
dding to Au NPs-aptamer conjugates solution. The detection pro-
edure is made up of two steps. At first, Au NPs-aptamer conjugates
olution was mixed with different concentrations of adenosine for
0 min. After that, the mixing solution was injected to SPR cell and
ecord SPR angle–time curve. The inject rate for all samples are
0 �L/s, the volume for all samples dispensed in SPR cell are 40 �L,
he mixing rate for all samples during the process of experiment
re 10 �L/s.

. Results and discussion

.1. The detection principle of SPR biosensor

In order to evaluate the ability of Au NPs-aptamer conjugates
s a competitive reagent, it is necessary to construct a SPR sen-
or based on aptamer technique for detecting small molecules by
CIA. Before constructing SPR sensor, how to fabricate the sens-
ng surface that can specifically and rapidly bind Au NPs-aptamer
onjugates existed in solution for ICIA of small molecule should
e considered. The reaction of small molecule with aptamer in
he solution will induce aptamer change its structure from ss-DNA
tructure to tertiary structure, and small molecules will be embed-
ed inside the aptamer. So different from antibody-based ICIA
5–7], where the reaction can be achieved by adsorbing antibody on
mall molecule-modified-SPR gold film, the conformation change
f the aptamer will be inhibited if small molecules are immobi-
ized on SPR gold surface because of the strong stereo-hindrance
ffect between aptamer and SPR gold film. Thus, it is difficult to
abricate a sensing surface on SPR gold film for aptamer. However,
ptamer being a ss-DNA makes it easy to hybridize with its comple-
entary ss-DNA sequence. Therefore if aptamer’s complementary

s-DNA sequence is immobilized on the SPR gold film as a sens-
ng surface for detection of aptamer possessing ss-DNA structure in
olution, which can be controlled by adding different concentration

f small molecule, a SPR sensor for small molecule based on ICIA
sing aptamer as competitive regent is feasible.

Based on this principle, we select a simple system (adenosine/its
ptamer which was tagged by Au NPs) to construct a SPR sen-
or for detecting adenosine by ICIA. The detection process of this
ll molecules that utilize Au NPs-aptamer conjugates as competitive reagent.

SPR sensor is shown in Fig. 3. The SPR gold film was first modi-
fied with a ss-DNA which is complementary to the aptamer. When
Au NPs-aptamer conjugates were added to the SPR reaction cell,
Au NPs-aptamer conjugates will be adsorbed on the surface of
SPR gold film through the hybridization reaction between ss-DNA
and aptamer, which will result in an obvious change in SPR signal.
However, this change will decrease when the mixed solution of Au
NPs-aptamer conjugates with adenosine is added to the SPR reac-
tion cell because adenosine reacts with aptamer and makes the
aptamer on Au NPs change its structure from ss-DNA to tertiary.
The aptamer possessing tertiary structure cannot hybridize with ss-
DNA immobilized on SPR gold film. Thus, the change of SPR signal
will decrease with the increase of the number of Au NPs-aptamer
conjugates possessing tertiary structure, which is proportional to
the concentration of adenosine.

3.2. SPR spectroscopy detects the concentration of adenosine by
using Au NPs-aptamer conjugates as competitive reagents

During our experiments, we utilize the SPR angle–time curve
to monitor the hybridization reaction between ss-DNA immo-
bilized on SPR gold film and Au NPs-aptamer conjugates after
Au NPs-aptamer conjugates are reacted with different concentra-
tions of adenosine for 30 min. The results are shown in Fig. 4.
In the absence of adenosine, Au NPs-aptamer conjugates in solu-
tion directly hybridize with ss-DNA immobilized on SPR gold film,
resulting in a largest SPR angle shift (∼0.861◦). This angle shift is
much larger that of angle shift by the adsorption of antibody that is
generally used as competitive reagent in ICIA [1–3]. Thus, maybe a
higher detection range can be obtained with present SPR sensor by
using Au NPs-aptamer conjugates as competitive reagent. The SPR
angle shift resulted from the binding of Au NPs-aptamer conjugates
decreases (∼0.832◦) after Au NPs-aptamer conjugates solution are
reacted with 0.1 nM adenosine for 30 min. This is because parts
of aptamers on Au NPs react with adenosine and form its tertiary
structure, which cannot hybridize with its complementary ss-DNA.

In general, a ss-DNA will hybridize with its complementary ss-
DNA from its 3′ end or its 5′ end. However, the 3′ end and the
5′ end of aptamer possessing tertiary structure will locate on the
surface of Au NPs with the introduction of adenosine. This struc-
ture inhibit the reaction of aptamer possessing tertiary structure
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Fig. 4. SPR angle–time curves for the detection of the binding process between ss-
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NA and Au NPs-aptamer conjugates after Au NPs-aptamer conjugates are reacted
ith different concentrations of adenosine for 30 min. Inset: A curve describing the

inear relationship between the SPR angle shift and the adenosine concentrations.

n Au NPs with its complementary ss-DNA immobilized on SPR
old surface because ss-DNA is inaccessible to 3′ or 5′ of aptamer
ossessing tertiary structure. Therefore, ss-DNA immobilized on
PR gold film only hybridizes with the rest of aptamers possessing
ree coil structure on Au NPs. When the concentration of adenosine
dding to Au NPs-aptamer conjugates solution is further increased,
e can observe the SPR angle shift gradually decreases. However,

he decreasing trend will reduce after adenosine with high concen-
rations are added, especially when the concentration of adenosine
s larger that 10−6 M. By analyzing the change of SPR angle shift

ith the concentrations of adenosine, we obtain a good linear rela-
ionship between the logarithms of adenosine concentrations and
he SPR angle shift over a range of 1 × 10−10–1× 10−7 M (shown in
he inset of Fig. 4). The detection result of this present SPR sensor
hat utilize Au NPs-aptamer conjugates as a competitive reagent
or analyzing the concentration of adenosine are comparable with
ther optical and electrochemical aptasensor and are much supe-
ior to the detection results obtained by general SPR sensor based
n molecularly imprinted technique [38,39]. It must be pointed out
hat a nonspecific adsorption can be found in this SPR biosensor.
rom Fig. 4, we can see that SPR angle–time curves for the detec-
ion of the binding process between ss-DNA and Au NPs-aptamer
onjugates still change about 0.07◦ even when Au NPs-aptamer con-
ugates react with 1 mM adenosine for 30 min. The main reason for
his phenomenon may come from the stereo-hindrance effect of
ptamer possessing different structures. After adenosine is added to
u NPs-aptamer conjugates, most of free-coiled aptamer react with
denosine and form its tertiary structure. However, the formation
f tertiary structure of aptamer maybe will inhibit the further reac-
ion between its adjacent free-coiled aptamer and adenosine. Thus,
he nonspecific adsorption occurs after the mixing solution of Au
Ps-aptamer conjugates with adenosine is added. Besides that, we
lso evaluate the selectivity of present SPR sensor that utilizes Au
Ps-aptamer conjugates as a competitive reagent. Fig. 5 exhibits
ifferent SPR angle–time binding curves between ss-DNA immo-
ilized on SPR gold film and Au NPs-aptamer conjugates after Au
Ps-aptamer conjugates reacted with different analytes for 30 min.
rom Fig. 5, we can see the SPR binding curves of ss-DNA with Au
Ps-aptamer conjugates after Au NPs-aptamer conjugates reacted

ith 1 mM cytidine, guanosine and uridine for 30 min slightly
ecrease. However, the SPR angle shift dramatically decreases after
ddition of 1 mM adenosine. From these results, we confirm that
u NPs-aptamer conjugates can not only specifically react with its

[
[
[
[
[

Fig. 5. SPR angle–time curves for the detection of the binding process between ss-
DNA and Au NPs-aptamer conjugates after Au NPs-aptamer conjugates are reacted
with different kinds of analytes for 30 min.

target small molecule, but can also greatly enhance the sensitivity
of SPR for detection of small molecule, which perfectly meet the
requirements of an excellent competitive reagent.

4. Conclusion

In conclusion, we present an idea that using Au NPs-aptamer
conjugates as a competitive reagent to substitute the application
of antibody in SPR detection of small molecule based on ICIA. In
order to evaluate the sensing ability of Au NPs-aptamer conjugates
as a competitive reagent of ICIA in SPR sensor, we first combine the
competition reaction between aptamer/its target small molecule
and aptamer/its complementary ss-DNA to design a SPR sensor for
detection of adenosine by ICIA. Our results confirm that Au NPs-
aptamer conjugates are a powerful competitive reagent, which can
not only greatly enhance the sensitivity of SPR for detecting adeno-
sine based on ICIA, but also possess excellent specificity toward its
target small molecules. More significantly, it can be used to develop
different kinds of SPR sensor to detect other targets by changing
the kind of aptamer in Au NPs-aptamer conjugates. Therefore, it is
expected that the application of Au NPs-aptamer conjugates as a
competitive reagent may offer a new direction in designing high
performance SPR biosensors for sensitive and selective detection of
small molecules by ICIA.
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a b s t r a c t

Enrofloxacin is the most widespread antibiotic in the fluoroquinolone family. As such, the development of
a rapid and sensitive method for the determination of trace amounts of enrofloxacin is an important issue
in the health field. The interaction of the enrofloxacin antigen to a specific antibody (Ab) immobilized
on an 11-mercapto-undecanoic acid-coated gold electrode was quantified by electrochemical impedance
spectroscopy. Two equivalent circuits were separately used to interpret the obtained impedance spec-
tra. These circuits included one resistor in series with one parallel circuit comprised of a resistor and
a capacitor (1R//C), and one resistor in series with two parallel RC circuits (2R//C). The results indicate
that the antigen-antibody reaction analyzed using the 1R//C circuit provided a more sensitive resistance
abel-free
quivalent circuit
mmunosensor

increment against the enrofloxacin concentration than that of the 2R//C circuit. However, the 2R//C cir-
cuit provided a better fitting for impedance spectra, and therefore supplies more detailed results of the
enrofloxacin-antibody interaction, causing the increase of electron transfer resistance selectively to the
modified layer, and not the electrical double layer. The antibody-modified electrode allowed for analysis
of the dynamic linear range of 1–1000 ng/ml enrofloxacin with a detection limit of 1 ng/ml. The reagent-
less and label-free impedimetric immunosensors provide a simple and sensitive detection method for

n of e
the specific determinatio

. Introduction

A wide variety of antibiotics have been used to treat or prevent
acterial infection in food-producing animals. The use of antibiotics
an effectively control the occurrence of disease and maintain the
rowth of animals. Enrofloxacin, a specific type of fluoroquinolone
ntibacterial, possesses a broad spectrum of activity against most
ram-negative pathogens, including Pseudomonas aeruginosa and
nterobacteriaceae, and some Gram-positive bacteria [1]. It is fre-
uently used to treat urinary, pulmonary and digestive infections
n veterinary medicine due to a long half-life and its wide distribu-
ion to different tissues [2–5]. According to a report of the World
ealth Organization (WHO) meeting in 1998, enrofloxacin was the
ost extensively approved antibiotic of the fluoroquinolones fam-

ly for livestock, poultry, fish, or pet animals globally [6]. However,

ith increasing use of enrofloxacin, the sanitary issues, including
rug residues in edible tissues of food-producing animals and the
acterial resistance being transferred from animals to human, have
ccurred significantly [7,8]. In order to protect consumers’ health,

∗ Corresponding author. Tel.: +886 4 2285 1268; fax: +886 4 2287 9351.
E-mail address: ccwu@dragon.nchu.edu.tw (C.-C. Wu).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.006
nrofloxacin.
© 2009 Elsevier B.V. All rights reserved.

the European Union has established maximum residue limit (MRL)
for enrofloxacin, which is fixed at 100 �g/kg in several edible animal
tissues [9]. Moreover, the USA Food and Drug Administration (FDA)
withdrew the approval of enrofloxacin for poultry in 2005, because
scientific data have indicated that the use of enrofloxacin causes the
emergence of resistance in Campylobacter, that could result in the
ineffective treatment of human diseases [10]. As such, the develop-
ment of precise, specific, and sensitive methods for the detection of
enrofloxacin in veterinary and medical fields has become an impor-
tant issue.

Different detection strategies have been employed for the
determination of enrofloxacin levels. These include adsorptive
stripping voltammetry [11], spectrophotometry [12–14], capillary
electrophoresis with diode-array detector [15–17] or mass spec-
trometry [18], high performance liquid chromatography (HPLC)
using ultraviolet adsorption [19–21] or fluorescence detection
[21–25], and enzyme-linked immunosorbent assay (ELISA) with
UV–vis spectrometry [26–28] or fluorescence detection [29].

Among these, the lowest detection limit of enrofloxacin was
0.1 ng/ml, obtained with the ELISA method with fluorescence detec-
tion [29]. ELISA is a sensitive, fast, and specific method for the
detection of enrofloxacin in the veterinary field by means of the
interaction of an antigen and an antibody (Ab). However, in direct or
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Fe(CN)6 redox couple was used as an electrochemical probe
to detect the integrity of the immobilized layers after a variety
of modifying steps [31,32,34,35]. Fig. 1 shows the cyclic voltam-
mograms of the bare gold electrode followed by modification of
MUA, immobilization of antibodies, and blocking of BSA for the
C.-C. Wu et al. / Ta

ndirect competitive ELISA methods, experimental procedures such
s the preparation of antigen- or antibody-enzyme conjugates and
he reaction of enzymes with their specific substrates are compli-
ated and time-consuming. A label-free impedimetry that allows
or real-time detection and eliminates the labeling and catalyz-
ng process of enzyme has been widely applied to the detection of
pecific antigen-antibody interaction [30–33]. The method works
y using the simulation and fitting of equivalent circuit models
or experimental impedance spectra. As such, the electrochemi-
al properties of electrode-solution interface can be explained by
sing the circuit element [30–35]. Thavarungkul et al. obtained
detection limit of 3 × 10−15 M penicillin G in milk by calculat-

ng the changes in the imaginary part of impedance [32]. Ionescu
t al. immobilized the monoclonal antibody of ciprofloxacin on
he poly(pyrrole-NHS) membrane to obtain a detection limit of 10
g/ml for ciprofloxacin by the analysis of two parallel RC equiva-

ent circuits [33]. Additionally, Ding et al. adopted one parallel RC
quivalent circuit to directly detect endotoxin by using polymyxin
-immobilized gold electrodes. As mentioned above, the label-free

mpedimetric immunosensor can provide a cost-effective, sen-
itive, and rapid detection based on the impedance analysis of
ntigen-antibody interaction.

To the best of our knowledge, relatively little research on
he use of enrofloxacin immunosensors with label-free impedi-

etric detection has been reported. In the present work, we
ave covalently immobilized anti-enrofloxacin antibodies on a
elf-assembled monolayer (SAM)-coated gold electrode and used
n electrochemical impedance system to directly quantify the
esponse of the enrofloxacin-antibody interaction. Moreover,
wo types of equivalent circuits for fitting of the experimental
mpedance spectra were compared to detect the changes in resis-
ive and capacitive parameters of equivalent circuit during the
mmunosensor development.

. Materials and methods

.1. Materials

Highly specific monoclonal anti-enrofloxacin antibodies (IgG1),
nitially reported by Wang et al. [28] and Watanabe et al.
29], were kindly provided by the Wang laboratory. Bovine
erum albumin (BSA), 11-mercapto-undecanoic acid (MUA),
-ethyl-3-(3-dimethylamino-propyl) carbodiimide HCl (EDC), N-
ydroxysuccinimide (NHS), and 2-(N-morpholino) ethanesulfonic
cid (MES) were purchased from Sigma. Enrofloxacin was obtained
rom Bayer. MUA solutions were prepared by dissolving in abso-
ute ethanol. The supporting electrolyte was Dulbecco’s phosphate
uffered saline (PBS, pH 7.4) contained 8 g of NaCl, 0.2 g of KCl, 0.2 g
f KH2PO4, and 1.15 g of Na2HPO4 per liter of H2O. Fifteen millimo-
ar MES solution (pH 5.0) was buffered with 1 M NaOH. All solutions

ere prepared with double distilled water purified through a Milli-
system. All chemicals were of analytical grade and were used
ithout further purification.

.2. Modification processes of gold electrode

A 1.6-mm diameter gold electrode (Bioanalytical System Corp.)
as manually polished with a 0.05 �m alumina slurry, and then
ltrasonically cleaned in acetone and distilled water. Next, the
lectrode was electrochemically cleaned in 0.5 M H2SO4 using a

ycling potential from 0 V to +1.5 V vs. a Ag/AgCl reference electrode
ith a scanning rate of 500 mV/s for 10 cycles. The electropol-

shed electrode was dried and dropped with 20 �l 5 mM MUA
t 37 ◦C for 20 min in an incubator of 15% relative humidity, and
hen the residual MUA molecules were ultrasonically removed in
79 (2009) 62–67 63

a 95% ethanolic solution. The MUA-modified electrode was soaked
in 0.6 ml 15 mM MES (pH 5.0) containing 30 mM EDC and 2 mM
NHS for 30 min to activate the COOH-terminated group of MUA.
Next, 20 �l 0.2 mg/ml anti-enrofloxacin antibodies in PBS (pH 7.4)
were placed on the activated MUA monolayer for 30 min, and then
cleaned with distilled water. Finally, the electrode was reacted in 1%
(w/v) BSA, which had been previously prepared in PBS for 30 min
to prevent the electrode surface from the non-specific adsorp-
tion. The antibody-immobilized gold electrodes were rinsed with
PBS (containing 0.05% Tween-20). The different concentrations of
enrofloxacin, ranging from 1 �g/ml to 1 ng/ml, were prepared in
PBS solution. After a 30 min incubation period with enrofloxacin
antigen at room temperature, the experimental impedance spectra
were measured.

2.3. Electrochemical measurements

All electrochemical experiments were performed with the IM-
6 impedance analyzer (Zahner Electrik Corp.). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were per-
formed in a conventional three-electrode cell. An Ag/AgCl and a
Pt wire were used as reference electrode and counter electrode,
respectively. An equimolar Fe(CN)6

3−/4− mixture (2.5 mM) in a PBS
solution (pH 7.4) was used to probe the electrochemical properties
of modified electrodes. A cyclic voltammetric potential ranged from
−0.1 V to +0.5 V at a scanning rate of 20 mV/s. Impedance measure-
ments were carried out in the frequency range of 1 Hz to 100 kHz
at a +0.21 V potential added with a 5 mV amplitude sine wave. The
acquisition and analysis of impedance spectra, and the simulation of
equivalent circuits were carried out with the IM-6/THALES software
package.

3. Results and discussion

3.1. Electrochemical characteristics of modified electrodes

The changes in the electrochemical characteristics on the mod-
ified gold electrode were investigated by using CV and EIS. The

3−/4−
Fig. 1. Cyclic voltammograms recorded on bare gold electrodes (a), followed by MUA
modification (b), antibody immobilization (c), and BSA blocking (d) in a 10 mM PBS
solution containing 2.5 mM equimolar Fe(CN)6

3−/4− from −0.1 V to +0.5 V vs. Ag/AgCl
with a scanning rate of 20 mV/s.
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ZCPE(ω) = Z0(jω)−˛

where Z0 is a constant, j is the imaginary number, ω the angular
frequency, and 0 < � < 1. When ˛ is closer to 1, CPE becomes more
capacitive.
4 C.-C. Wu et al. / Ta

emaining adsorption-reactive sites. Some well-defined character-
stic waves of Fe(CN)6

3−/4− are observed on the bare gold electrode.
peak-potential separation (�Ep) of 68 mV was measured and con-
rmed to be reversible. After modifying the MUA SAM on the gold
lectrode, the redox reaction of Fe(CN)6

3−/4− decreased due to the
lectrostatic repulsion of the negatively charged carboxyl group
f the MUA (pKa value of 4.8) [36] and the hydrophobic effect of
he long hydrocarbon chain of MUA. The results indicate that the
irect drop-coating method of MUA for only 20 min can effectively

nsulate the bare gold surface, which is consistent with a previ-
us study reported by Ding and co-workers [34]. Subsequently,
he carboxyl groups of MUA were activated by EDC and NHS in

ES solution (pH 5.0) to form stable aminoacyl esters, which can
eact with the amino groups of the antibody [37]. After coupling,
he Faradaic current measured for the antibody-modified electrode
ecame smaller than that for the MUA-modified electrode. Subse-
uently, the electrode provided a smaller redox current than that for
he antibody-modified electrode, with the BSA blocking, as shown
n the inset of Fig. 1. The decreasing current may result from increas-
ng thickness and structural hindrance of the modified layer to the
e(CN)6

3−/4− molecules. The behavior of the Faradaic current was
urther confirmed by EIS measurements.

.2. Impedimetric measurement for modified electrodes

Electrochemical impedance spectroscopy is a sensitive method
sed to explore the interface properties between electrode and
olution [30–35]. The electrochemical impedimetric properties
f each modification step in the development of enrofloxacin
mmunosensors were examined in PBS (pH 7.4) solution containing
.5 mM Fe(CN)6

3−/4−. Fig. 2 shows the results of the impedimet-
ic measurement of the gold electrodes with various modification
rocesses. As previously established, impedance plots of the bare
old electrode, as depicted in curve (a) of Fig. 2, present a Faradaic
ystem including a linear correlation of Zre and Zim at lower fre-
uency, indicating a diffusion-controlled section corresponding to
he Warburg impedance, and a semicircle region at higher fre-
uency, indicating a kinetic part determined by the electron transfer

esistance [30]. After modifying the gold electrode surface by MUA,
he diffusion-controlled part in the impedance spectrum fully dis-
ppeared, and the diameter of semicircle obviously increased. Even
t the frequency range of impedance measurement down to 0.1 Hz,
he diffusion-controlled part was not observed. In order to min-

ig. 2. Nyquist plot (Zim vs. Zre) of the bare gold electrode (a), following MUA mod-
fication (b), antibody immobilization (c), BSA blocking (d), 1 ng/ml enrofloxacin
eposited onto the antibody/BSA–MUA film (EDAF) (e), 10 ng/ml EDAF (f), 100 ng/ml
DAF (g), and 1000 ng/ml EDAF (h) at a +0.21 V potential vs. Ag/AgCl and 5 mV ac
ignal in PBS (pH 7.4) containing 2.5 mM Fe(CN)6

3−/4− .
79 (2009) 62–67

imize time consuming procedures, the following measurements
were implemented from 1 Hz to 100 kHz. The disappearance of the
diffusion-transport part and an increase of the electron transfer
resistance are attributed to the effective insulation of MUA layer
for Fe(CN)6

3−/4− mediator. The phenomenon also suggests that a
non-Faradaic interface is present in the MUA-modified gold elec-
trode. Followed by the procedures of antibody immobilization,
BSA blocking, and incubation of 1–1000 ng/ml enrofloxacin, the
diameter of semicircle on the impedance plots increased gradu-
ally. Compared with CV, EIS provided a more sensitive detection
for different modifying processes. In order to completely realize
the electrode-solution interface properties of the impedimetric
immunosensors, two equivalent electrical circuits were designed
for fitting the impedance spectra.

3.3. Equivalent circuits for EIS analysis

The Randles equivalent circuit is frequently used to elucidate the
electrochemical properties of electrode-solution interfaces with
the occurrence of Faradaic current and diffusion transport [30].
However, Warburg’s impedance part was absent after the MUA
modification of the gold electrode, as shown in curve (b–e) of Fig. 2.
This indicates that there is no Faradaic current present and the Ran-
dles circuit does not suffice in explaining the following impedance
experiments with the MUA layer. A non-Faradaic circuit consisting
of one resistor (solution resistance (Rs)) in series with one parallel
circuit comprised of a resistor (electron transfer resistance (Ret))
and a capacitor (constant phase element (CPE)) [30,34,35] was des-
ignated as the 1R//C model, and is illustrated in Fig. 3(a). A CPE
was used in place of a pure capacitor to explain the inhomogene-
ity on the electrode surface [34,35]. The impedance of CPE can be
expressed by
Fig. 3. 1R//C equivalent electrical circuit diagram (a) used to fit the impedance
spectra (b) for the BSA-blocked gold electrode. Rs, solution resistance; Ret, electron
transfer resistance; CPE, constant phase element. Circle lines and solid lines repre-
sent the experimental measurement and the computer fitting of impedance spectra,
respectively.
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Table 1
Values of the circuit elements fitted from the experimental spectra by the 1R//C
model after Ab immobilization, BSA blocking, and incubation of 1 ng/ml enrofloxacin.
The statistical values of the mean ± standard deviation were calculated in four
repetitions.

Rs (�) Ret (k�) CPE (nF)
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Fig. 4. 2R//C equivalent electrical circuit diagram (a) used to fit the impedance spec-
tra (b) for the BSA-blocked gold electrode. Rs, solution resistance; Rms and CPEms,
b 87.8 ± 0.1 974.0 ± 5.8 183.0 ± 0.5
b/BSA 88.1 ± 0.0 1447.5 ± 2.9 180.8 ± 0.3
nrofloxacin-Ab/BSA 87.6 ± 0.1 1476.0 ± 4.4 182.4 ± 0.4

Fig. 3(b) shows the impedance spectra for the BSA-blocked gold
lectrode obtained from computer fitting using the 1R//C circuit
nd the experimental measurement. In order to compare the 1R//C
ircuit-fitted curves with the experimental spectrum in detail, the
tting result only displayed a small deviation vs. the experimental
ata below 1 kHz, and was in good agreement with the experimen-
al data above 1 kHz to 100 kHz. Table 1 shows the element values of
he 1R//C circuit for the processes of antibody immobilization, BSA
locking, and immunoreaction of 1 ng/ml enrofloxacin. The values
f mean error and maximum error for the fitting data simulated by
he 1R//C circuit were 0.45% and 6.72%, respectively. The mean error
alue of 0.45% indicates a small difference between the experimen-
al results and the simulated data. To compare the element values
isted in Table 1, Rs values were kept nearly constant even with
ifferent biomolecule modifications on the gold electrode; Rs rep-
esents the solution resistance. In addition, we observed that the Ret

alue increases significantly while the CPE value did not vary with
he different processes. The result suggests that the electron trans-
er to the electrode-solution interface is slowed primarily due to the
patial hindrance of the biomolecules. Consequently, the electron
ransfer resistance is a useful indicator of the quantify of immunore-
ction of enrofloxacin onto antibody-modified gold electrodes.

In practice, the electron transfer resistance is the combination
f modified layer resistance (Rm) and double layer resistance (Rdl)
n series [34,35,38]. Similarly, the CPE element of the 1R//C circuit
ontains the contributions of both the modified layer capacitance
Cm) and the double layer capacitance of the modified layer-solution
nterface (Cms) [34,35,38]. In Ding’s [35] and Patolsky’s studies [38],
he CPE was treated as two capacitances, Cm and Cms, in series with
ach other. Therefore, we tried to directly replace Ret by the series
f Rm and Rdl and CPE by the series of Cm and Cms in the 1R//C
ircuit model, respectively. Unfortunately, the 1R//C circuit sub-
tituted with Rm, Rdl, Cm, and Cms appeared with a larger mean
rror, approximately 0.63%, and the values of Rm and Rdl averagely
hared the value of Ret. Further, the fitting result did not reflect the
orresponding electrochemical properties of modified layer.

We consulted Ionescu’s study related to the circuit network for
he antibody-immobilized electrode by using two parallel RC cir-
uits instead of the parallel RC part of 1R//C circuit [33]. A diagram
f the two parallel RC circuit, as shown in Fig. 4(a), is defined as
he 2R//C circuit. Our 2R//C circuit differed distinctly from Ionescu’s
tudy [33] in terms of the definition and denomination of circuit ele-
ents. From our studies, the 2R//C circuit separately explains the

lectrical properties of the modified layer-solution interface and
he modified layer. With respect to the circuit network arrange-

ent, our 2R//C circuit is compatible with the practical electrical
roperties between solution and electrode, specifically the solution
esistance (Rs), the Rms, and the CPEms of the modified layer-
olution interface and the Rm and the CPEm of the modified layer.
ig. 4(b) shows the fitting curve obtained by using the 2R//C cir-
uit vs. the experimental data for the BSA-blocked gold electrode.

t is evident that the simulated data computed by the 2R//C circuit
rovided a better agreement with the experimental measurement

n the overall spectra than that computed by the 1R//C circuit.
oreover, the mean error and maximum error of the fitting data

imulated by the 2R//C circuit was 0.13% and 3.26%, respectively.
resistance and CPE of membrane-solution interface, respectively; Rm and CPEm,
resistance and CPE of modified layer, respectively. Circle lines and solid lines repre-
sent the experimental measurement and the computer fitting of impedance spectra,
respectively.

The smaller fitting error values suggest that the fitting of the
2R//C model is significantly more accurate than that of the 1R//C
model for elucidating the electrical properties of the antibody/BSA-
immobilized electrode.

Table 2 shows the element values of the 2R//C circuit for
the processes of antibody immobilization, BSA blocking, and
immunoreaction of 1 ng/ml enrofloxacin. The Rs values obtained
from the 2R//C circuits were the same as the Rs of the 1R//C cir-
cuit. The results clearly demonstrate that the Rs element of the
2R//C circuit only represents the solution resistance and not the
sum of the solution resistance and the modified layer resistance, as
described in Ionescu’s study [33]. In the comparison of capacitive
elements, the value of CPEms was about five times larger than that
of CPEm, resulting from a smaller thickness and a larger permittivity
of the electrical double layer relative to those of the antibody/BSA-
modified layer. However, Rm was larger than Rms. This is attributed
to the denser structure of the modified layer toward hindering
the electron transfer relative to that of the electrical double layer.
Among the circuit elements of the 2R//C model, only the values
of Rm increased with antibody and BSA immobilization. In con-
trast, the capacitive elements displayed only a weak change. Before
and after BSA blocking, the Rm value increased significantly from
940.5 ± 6.8 k� to 1377.5 ± 3.5 k� with p < 0.05 (t-test analysis). This
is attributed to the effective blocking of BSA toward the remaining
adsorption-reactive sites on the electrode surface. Subsequently,
with incubation of 1 ng/ml enrofloxacin, the Rm value increased to
1393.7 ± 2.1 k�. Therefore, Rm of the 2R//C circuit can be used to
evaluate the enrofloxacin-antibody interaction on the immunosen-
sor.

3.4. EIS for enrofloxacin detection
The antigen-antibody specific interaction can be quantified by
using label-free impedimetric analysis [32,33,35]. The antibody-
immobilized gold electrode was incubated with the enrofloxacin
antigen at different concentrations ranging from 1 ng/ml to 1 �g/ml,
for 30 min and then used in the impedance measurement. The cal-
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Table 2
Values of the circuit elements fitted from the experimental spectra by the 2R//C model after Ab immobilization, BSA blocking and incubation of 1 ng/ml enrofloxacin. The
statistical values of mean ± standard deviation were calculated in four repetitions.

Rs (�) Rms (k�) CPEms (nF) Rm (k�) CPEm (nF)
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b 87.6 ± 0.1 21.1 ± 0.2
b/BSA 87.3 ± 0.1 22.0 ± 0.3
nrofloxacin-Ab/BSA 86.8 ± 0.1 20.1 ± 0.4

bration curves corresponding to the differences in the Ret of the
R//C circuit and the Rm and the Rms of the 2R//C circuit as a func-
ion of the enrofloxacin concentration are shown in Fig. 5. Each
xperimental condition was assayed in quadruplicate. The change
n the Ret value is calculated by the following equation:

Ret = Ret,Enr-Ab/BSA − Ret,Ab/BSA

here Ret,Enr-Ab/BSA and Ret,Ab/BSA are the values of the electron
ransfer resistance after and before enrofloxacin incubation onto
he antibody-modified electrode, respectively. The values of �Rm

nd �Rms are calculated using the same formula as above. The
alibration curves indicated that the difference in �Ret and �Rm

ncreased positively with the concentration of enrofloxacin, while
he �Rms was independent of enrofloxacin concentration. The
esults suggest that enrofloxacin-antibody binding does not change
he electron transfer rate to the membrane-solution interface,
ut predominately hinders the electron transfer to the modified

ayer due to the geometric effect [33]. Furthermore, the high ionic
trength of PBS used might make the change of electrical dou-
le layer insignificant. Therefore, the changes in �Rm present the

nteraction of the enrofloxacin and the immunosensor. Although
he change in Rms against the antigen concentration in the present
tudy differs from the resistor (RFS) of film-solution interface used
n Ionescu’s study [33], we propose that it results from different
enominations of the same circuit elements. For example, no mat-
er the denomination of the element used in our study of Ionescu’s
tudy [33], the resistive element of the rightmost R//C part of the
R//C circuit, as shown in Fig. 4a, presented a positive correlation
ith the antigen concentration. Moreover, the resistive element

f the middle R//C part of the 2R//C circuit was independent of
he antigen concentration. After comparison with Ionescu’s study

33], the element definition and physical explanation utilized in the
tudy is more compatible for the actual electrode-solution inter-
ace.

To further clarify the linearity over the 1–1000 ng/ml conce-
tration range, linear regression analysis of �Ret and �Rm

ig. 5. Changes in the electron transfer resistance (Ret) of the 1R//C circuit and the
odified layer resistance (Rm), as well as the membrane-solution interface resis-

ance (Rms) of the 2R//C circuit as a function of enrofloxacin concentration ranging
rom 1–1000 ng/ml.
1085.3 ± 2.5 940.5 ± 6.8 220.0 ± 0.6
1035.8 ± 1.3 1377.5 ± 3.5 218.4 ± 1.1
1043.0 ± 1.0 1393.7 ± 2.1 220.7 ± 1.3

against the enrofloxacin concentration had an equation of
�Ret = 105.3 log[Enrofloxacin] + 36.8 with R2 = 0.9933, and
�Rm = 94.0 log[Enrofloxacin] + 30.8 with R2 = 0.9927, respectively.
The high correlation coefficient indicated a linear relationship
between the values of �Ret and �Rm and the enrofloxacin concen-
tration. Specifically, the sensitivity of the regressive line obtained
from �Ret was larger than that from �Rm. This suggests that
the use of the 1R//C circuit provides a larger resistive response
corresponding to the same enrofloxacin concentration. The resis-
tance increment of Ret and Rm after and before incubation with
1 ng/ml enrofloxacin was 28.5 k� and 16.2 k� (calculated from
Tables 1 and 2), respectively. The accuracy of the Ret and the Rm

(i.e. the standard deviation of repeated measurements) without
enrofloxacin was 2.9 k� and 3.5 k�, respectively. Therefore, the
limit of detection (LOD) obtained by both of the 1R//C model and
the 2R//C model was at least 1 ng/ml, based on the IUPAC recom-
mendation [39]. Although the LOD of the label-free impedimetric
immunosensor is higher than that of the ELISA method [27–29],
the detection range of the immunosensors contains the MRL of
enrofloxacin recommended by European Union [9]. Moreover,
the preparation procedure of the impedimetric immunosensor
presents easier fabrication and less reagent requirement than that
of ELISA.

3.5. Selectivity experiment

In order to investigate the selectivity of the label-free impedi-
metric immunosensor for the enrofloxacin detection, the effect
of interfering compounds ciprofloxacin and norfloxacin on the
immunosensor response was explored. These compounds of
ciprofloxacin, norfloxacin and enrofloxacin belong to the second
generation quinolone antibacterial. Therefore, ciprofloxacin and
norfloxacin antibiotics have similar physical and chemical char-
acteristics to enrofloxacin. The immunoreaction of ciprofloxacin
and norfloxacin to the enrofloxacin immunosensor was imple-
mented in PBS. The EIS results showed that no significant
changes in the impedimetric responses of Ret element were
observed for the ciprofloxacin and the norfloxacin antibiotics
ranging from 1 ng/ml to 1000 ng/ml. Furthermore, enrofloxacin
antibiotics were solubilized in a commercial porcine serum
(Cat.26250084, Bibco, Invitrogen Corp.) to simulatedly estimate
the sensor response of enrofloxacin in a real sample. The lin-
ear regression equation of �Ret (�Ret = Ret,Enr-Ab/serum − Ret,Ab/serum)
against enrofloxacin of the 1–1000 ng/ml concentration range was
�Ret = 115.2 log[Enrofloxacin] + 98.7 with R2 = 0.9888. The selectiv-
ity results proved the high specificity of the immunosensor and its
potential to operate in real blood samples.

4. Conclusion

Anti-enrofloxacin antibodies are readily and rapidly immobi-
lized on the surface of gold electrodes followed MUA modification

and the EDC/NHS activation. The antigen-antibody affinity reaction
can be quantified by the Ret element of the 1R//C circuit and the Rm

element of the 2R//C circuit. Compared with the sensitivity of �Rm

against the enrofloxacin concentration, analysis of �Ret provides a
more sensitive response to the antigen-antibody interaction. How-
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ver, the 2R//C circuit has a better fitting for the impedance spectra
nd provides more detailed results of the enrofloxacin-antibody
nteraction. This results in an increase in the electron transfer resis-
ance to the modified layer, but not to the electrical double layer.
he LOD of enrofloxacin is at least as low as 1 ng/ml on the antibody-
mmobilized electrode. Moreover, the linear detection range of the
mmunosensors covers the MRL of enrofloxacin set by the European
nion. The reagentless and label-free impedimetric immunosen-
ors can perform simple and sensitive detections to specifically
easure the enrofloxacin concentration.
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a b s t r a c t

A simple potassium hydroxide electrodialytic generator (EDG) with singe membrane configuration is
described. In this setup, one cation exchange resin (CER) bead is used to fabricate the EDG in place of
the common membrane sheet. The device is implemented simply in a commercial stainless steel (SS)
vailable online 14 March 2009

eywords:
lectrodialytic eluent generator
apillary ion chromatography

on exchange bead

Tee which serves as both the EDG cartridge and the cathodic electrode. The present EDG has much lower
internal volume (∼0.16 (L), which is well suited with capillary ion chromatography system. The device
has been tested up pressures to 3200 psi and could be directly deployed on the high-pressure side of
the pump. The electrolysis gas can be effectively removed by a segment of PTFE tubing. In the tested
range of 0–100 mM, the KOH concentration is generated linearly with the applied current being near-
Faradaic efficiency. The device permits both isocratic and gradient operation with good reproducibility,

nalys
as demonstrated by the a

. Introduction

One of the developments achieved in recent years in the field
f ion chromatography (IC) was the introduction of eluent electro-
ialytic generator (EDG) [1–5]. In IC, acids, bases (or salts of weak
cids) are commonly used as chromatographic eluents. Until the
dvent of the EDG, eluent preparation was strictly manual. This
s tedious, contamination-prone and subject to operator errors.
reparing hydroxide eluents commonly used for suppressed anion
hromatography is especially problematic, as they are easily con-
aminated by atmospheric CO2. An online EDG not only eliminates
he above problems, it renders gradient elution a simple matter of
urrent programming, the EDG, rather than mechanical blending
f solutions. Over the past several years, EDG-equipped IC systems
ave gained much popularity.

Capillary ion chromatography (CIC) has aroused much interests
n recent years due to some advantages over conventional counter-
arts [6], although CIC equipment or columns are not commercially

vailable at the present time. The development of capillary ion
xchange columns have been extensively investigated [7–10]. And
ittle concern has been made for the EDG applied for CIC. Das-
upta and co-workers first introduced a micro-scale NaOH EDG for

∗ Corresponding author at: School of Pharmacy, East China University of Science
nd Technology, Shanghai 200237, China.

E-mail addresses: bcyang06@hotmail.com (B. Yang), liangxm@dicp.ac.cn
X. Liang).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.004
is of anions.
© 2009 Elsevier B.V. All rights reserved.

CIC and successfully demonstrated its benefits for the analysis of
anions [5]. However, the use of membrane sheet in this design led
to the limited ability of bearing backpressure (<800 psi). The sim-
ilar micro-scale NaOH generators in post-suppressor applications
was also used to provide improved quantitation and identification
of anions of very weak acids in ion chromatography [11]. Liu et
al. reported a miniaturized version of Dionex commercial EDG for
CIC, in which membrane sheets are stacked together to withstand
high-pressure [12]. Similar performance of this device with that of
common counterpart was observed by the analysis of anions.

Recently we presented a novel KOH EDG for CIC, in which ion
exchange resin beads were used to fabricate EDG in place of the
common membrane sheet [13]. The dual ion exchanger configura-
tion ensures the production of gas-free eluent, obviating the need
of a gas removal device. The subsequent paper demonstrated the
device could behave a multifunctional EDG by generation of diverse
eluents such as Na2CO3/NaHCO3, CH3SO3H, and KNO3 [14]. How-
ever, three drawbacks of the design should be mentioned. First,
limited choice of the available sources of anion beads with suitable
size (e.g. 0.7–0.9 mm diameter) and suitable mechanical strength
(crosslinking is recommended to be ≥8%). Second, a constant cur-
rent source with wide range of operation voltage is suggested when
higher constant current or higher flow rate is used. In the previous

setup [13,14], the EDG was powered by a constant current source
with output voltage range of 0–36 V. Due to higher electric resis-
tance of the bead and limited voltage range, the current was always
broken down when operation current was larger than ∼300 �A.
One way to this problem is use of higher concentration of feed solu-
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ion, while it leads to higher consumption of feed solution. Third,
he dual membrane configuration appeared to be complicated rel-
tive to the single membrane configure. To solve the drawbacks
entioned above, the previous design was simplified by using sin-

le membrane configuration, in which one cation exchange resin
CER) bead is used to fabricate EDG. There are many available com-

ercial cation beads matching the requirements. By a constant
urrent source with 0–36 V output voltage, the EDG can easily gen-
rate up to 100 mM KOH at 3 �L/min. The EDG is implemented
imply in a commercial stainless steel (SS) Tee and its nominal inter-
al volume is ∼0.16 �L, which is well suited with CIC system. The
lectrolysis gas can be effectively removed by a segment of PTFE
ubing.

. Experimental

.1. Chemicals

Analyte solutions were prepared in the form of either sodium
r potassium salts. Typically, these were regent grade chemicals,
sed as received from the manufacturer. Ultra-pure water (Milli-
, USA) was used throughout with a specific receptivity of about
8.2 M� cm.

.2. Fabrication of EDG

The fabrication of the EDG was similar to that previously
escribed [13]. Briefly, a commercial SS Tee (VICI Corp., Prod no.,
T1C) was used as the EDG housing. For a segments of PEEK tub-
ng (0.020 in. i.d. × 1/16 in. o.d.), a cavity (1 mm i.d. × 1 mm depth)
as made at the terminal bore. CER beads (Rexyn 101 H+-type for

he cation exchange resin) were dried prior to use. One CER bead
ith the diameter of ∼1.0 mm was placed in the drilled out cavity

n the PEEK tubing and wetted with water whereupon it expanded
nd lodged tightly in the cavity. The bead-bearing PEEK tube were
laced at the perpendicular arm and fixed in place with 10–32 nuts
nd ferrules, water inlet and eluent outlet tubes were then similarly
onnected, respectively at the other two arms. A platinum needle
0.25 mm i.d. × 0.45 mm o.d. × 1 in. long, Hamilton Co. Reno, NV)
as put in all the way into the PEEK tubing, (almost) touching the
ead. The Pt-needle functioned both as the electrode and the liquid

nlet tube; the liquid outlet was provided by a 0.25 mm i.d. silica
apillary. The nominal internal volume of the EDG, without con-
idering the space that the protrusion of the spherical beads may

onsume, is ∼0.16 �L. The schematic diagram was shown in Fig. 1.

The feed solution was pumped pneumatically by N2 pressure
ufficient to establish a flow of ∼0.2 mL/min through each donor
hamber. The feed solution could in principle be recycled but was
resently allowed to go to waste.

Fig. 1. Schematic diagram of bead-based EDG.
9 (2009) 68–71 69

2.3. Chromatography system

The CIC system was similar to that previously described [13]. In
brief, a Nano-HPLC pump (Micro-Tech Scientific Inc. S/N 011208-
167, USA) was used for pumping pure water. An internal loop
injector (200 nL) was used for sample injection (P/N CI4W.2, VICI,
Houston, TX). The flow rate of 3 �L/min was used throughout unless
otherwise stated. A laboratory-made anion exchange monolithic
column (coated by AS18 latex, 0.25 mm i.d. × 250 mm long) was
used to evaluate the performance of the EDG. The column was
butt-jointed to a homemade Nafion fiber-based suppressor (80 �m
i.d. × 200 mm o.d., 30 mm long) using 10 mM H2SO4 as the regener-
ant. A contactless capacitance detector (CCD) was used essentially
as a conductance detector for analyte detection in a suppressed
conductometric mode [15].

2.4. High-pressure conductivity cell calibration

At high electrolyte concentrations, the relationship between
conductance and concentration is not linear. The concentration of
the generated eluent was measured on line by conductivity mea-
surement using a high-pressure conductivity cell (for details of
construction process see ref. [5]). The high-pressure conductivity
cell (cell constant measured to be 21.6 cm−1) was calibrated with
1–100 mM KOH. The conductance G (in mS/cm) could be expressed
as a quadratic function of the concentration C (mM KOH)

G (mS/cm) = −0.000852C2 + 0.2298C + 0.01785, R = 0.9999(1)

with a multiple correlation coefficient of better than 0.9999.
This equation was used to calculate the concentration of KOH
generated.

3. Results and discussion

3.1. Pressure tolerance

Spherical ion-exchange resin beads can function well as balls in
miniature “ball-on-seat” valves, thus making fabrication of high-
pressure devices in a miniature format simple. As EDG is typically
used in the chromatographic system, it is necessary to examine its
ability to bear high backpressure. In our previous report [13,14],
dual bead-based KOH EDG fabricated by one anion and cation bead
were used to has been tested up pressure to about 2000 psi. As
mentioned in the Section 1, anion bead is always the limiting fac-
tor of either available sources or mechanical strength. This means
that anion bead always determines the possible maximal operation
pressure. In addition, the cation bead used here (with the diame-
ter of ∼1 mm) has slightly bigger size than that of the anion bead
used previously (with the diameter of 0.6–0.8 mm). It is known
that the bigger bead always means higher mechanical strength.
Thus the EDG fabricated here is in principle capable of bearing
higher operation pressure. Based on the method described previ-
ously [13,14], we tested the pressure tolerance by connecting the
EDG with a packed PEEK capillary column (0.15 mm i.d. × 1.6 mm
o.d. × 16 cm long, Micro-Tech Scientific Inc., USA). The system back-
pressure varied linearly with the flow rate (R2 = 0.9953) over a flow
rate range of 0.3–1.8 �L/min reaching a pressure of 3260 psi at
1.8 �L/min, indicating good mechanic stability. Much higher flow
rate was not explored due to the restriction of the pump used in
the experiment. At the high flow rate end, the terminal exit flow

was measured with and without the column (with and without
backpressure) and found to be almost same. And we also mea-
sured any leakage of fluid through the capillaries in the electrode
chambers over 30-min-long periods. There was no observable leak-
age.
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Fig. 3. Effect of applied current on the retention times of analytes. Conditions: flow
rate, 3 �L/min; column, monolithic column (0.36 mm o.d. × 0.25 mm i.d. × 250 mm,

KOH eluent. Removal of the gas is necessary when the EDG is cou-
pled with chromatography system. One method to remove the gas
is the use of porous membrane tubing since pressurized gases can
permeate through polymeric material. Sjögren et al. demonstrated
Fig. 2. Current–voltage curve of the EDG.

.2. Voltage–current behavior

The current–voltage relationship of the EDG was depicted in
ig. 2. In this experiment, 200 mM KOH feed solution flowed in the
onor channel and water flowed in the eluent channel. The EDG
as connected with a 150 � resistor in series. When a given volt-

ge was applied to the system, the voltage drop across the resistor
as monitored by a Multimeter and then the corresponding cur-

ent could be calculated. I–V curve of the device achieved showed
quadratic function. The threshold voltage at which the electro-

ialytic reaction starts to work is about 1.8 V. Relative to the dual
ead configuration, the present device shows lower electric resis-
ance and then can easily be operated in the cases of higher KOH
oncentration generated is required.

.3. EDG performance

Due to unperfect Donnan rejection, some undesired pentration
open circuit penetration, OCP) of feed electrolyte is unavoidable
ven when no current is applied [16]. Obvously, such a leakage
s undesirable for good gradient chromatography; commonly an
CP value of <1 mM is desirable for practical gradient IC. For the
DG presented here, the OCP for 200 mM KOH feed soltuion was
ssentially zero and no change in background conductance was
easurable. This resulted from the smaller surface area and sig-

ificant thickness of cation bead, which was well suited with our
revious characterization of dual bead-based EDG [13,14].

With 200 mM KOH as feed and a central channel flow rate of
�L/min, the generated KOH concentration C (up to 100 mM was
enerated) varied linearly with the applied current i (�A):

(mM) = 0.202i + 1.926, R2 = 0.9996 (2)

The ideal Faradaic efficiency at this flow rate was 0.207 mM/�A.
mall difference was within the combined accuracy of experi-
ental measurement. In addition, good linear correlation between

he applied current and the KOH concentration generated was
lso demonstrated by varying the applied current and plotting

og k versus log[KOH] (note: (1) [KOH] was calculated by the cal-
bration equation of the applied current and the concentration
enerated; (2) k denoting capacity factor). These plots were shown
n inset in Fig. 3, and the slopes are −0.976 (R2 = 0.9997) and −1.008
R2 = 0.9998) for NO3

− and NO2
− respectively, which are in well
�P = 560 psi) functionalized by Dionex AS18 latex particle; injection volume, 200 nL;
0.5 mM of each ion. Suppressed mode, fiber chemical suppressor with 10 mM H2SO4

regenerating solution; Detector, CCD. Plots of log k versus log[KOH] for nitrate and
nitrite are shown in the inset.

agreement with the theoretical slope of −1.0 for anion exchange
elution of a singly charged anion with a singly charged eluent anion.

3.4. Chromatographic properties

The EDG presented here belongs to single membrane configu-
ration, in which hydrogen gas is accompanied with the generated
Fig. 4. Rise/fall curve of the EDG. Conditions: at t = 0 min, the current was increased
from 10 �A to 50 �A, and at t = 30 min decreased from 50 �A to 10 �A.
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ig. 5. Chromatogram achieved by KOH EDG. Conditions: isocratic mode, I = 20 �A;
radient mode, temporal current programming, 20 �A for 0–4.8 min, with a step
hange to 90 �A thereafter; other conditions as in Fig. 3.

his by the use of small length of PTFE tube to remove the elec-
rolysis hydrogen gases in their design of NaOH EDG [5]. In the
resent study, a segment of PTFE tube similar to that described by
jögren et al. was placed between the outlet of generator cartridge
nd the inlet of the injector to remove electrolysis gases. We found it
as sufficient to remove the electrolytically generated hydrogen, at

east to an extent that no problems were encountered with bubble
ormation in the detectors.

A rise/fall test was performed to study the change in KOH con-
entration when the current is increased and decreased in abrupt
teps. The results were shown in Fig. 4. The lag time, the time it
akes for the solution to travel from the generator and reach the
onductivity cell, is significant, ∼5 min. However, thereafter the
luent concentration responds rapidly. The biggest contributor to
he lag time and any dispersion in the gradient is the H2 removal
ube and the high-pressure conductivity cell. In practice, the first
an be shortened. The second, the larger contributor, is really an
ptional item. As has previously been pointed out [1], as long as the

DG devices perform reproducibly, specifying generator current is
ufficient; one need not know the precise eluent concentration.

Isocratic and gradient chromatograms obtained with the EDG
ere shown in Fig. 5. The latter based on temporal current pro-

ramming, 20 �A for the first 4.8 min, with a step change to 90 �A

[
[
[

[
[
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thereafter. We measured retention reproducibility under isocratic
conditions; this ranged in relative standard deviation from 0.6% for
nitrate to 1.34% for fluoride (n = 6). It should be noted that, as the
current programming started at 4.8 min and the delay time existed,
the retention times of the first five peaks in the chromatogram
achieved in gradient mode matched well with those of the peaks in
the isocratic mode. Two repetitive gradient operation showed good
repeatability and more explorations were not performed. Actually,
the generated KOH concentration is highly related with the applied
current, as demonstrated above, the operation repeatability can be
guaranteed if the applied current is exact.

From Fig. 5, it can be seen that the peak height of iodide ion is
much higher than that of the other ions. It probably resulted from
the use of higher applied current (equivalent to higher KOH concen-
tration), then leading to higher elution strength. This could also be
confirmed by Fig. 3. The peak height of five anions increased with
increasing applied current (from 5 �A to 20 �A).

In summary, a simple CER bead-based EDG is presented for CIC
that is easy to be fabricated. The device can bear pressure up to
∼3200 psi and could be directly deployed on the high-pressure side
of the pump. Low nominal internal volume of the device will be
beneficial to the chromatographic gradient operation. The KOH con-
centration is readily generated linearly with applied current with
near-Faradaic efficiency, up to 100 mM. It is believed that the device
can find the useful applications in CIC.
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a b s t r a c t

As a new sample preparation technique, pressurized liquid extraction (PLE), in combination with reversed-
phase liquid chromatography (RP-LC) and photodiode-array (PDA) detection were used for the isolation
and determination of phytoestrogenic isoflavones in hydrolyzed extracts obtained from aerial parts of
five Trifolium L. (clover) species. To optimize the effectiveness of PLE procedure, variable extraction
parameters: methanol and acetone (or their 75% aqueous solutions), as extraction solvents, temperatures
eywords:
ressurized-liquid extraction
ltrasound-assisted extraction
rifolium L.
soflavones

(75, 100 and 125 ◦C) and the changeable number of static extraction cycles were tested. Additionally,
two other micropreparative techniques: ultrasound-assisted extraction (UAE), and conventional solvent
extraction (CSE), under optimized conditions, were also used and compared. Optimum extraction effi-
ciency, expressed in the highest yield of biochanin A, formononetin, daidzein and genistein from plant
material, with PLE, using methanol–water (75:25, v/v) as an extraction solvent, an oven temperature of

atic e
hytoestrogens 125 ◦C and three 5-min st

. Introduction

Trifolium L. (clover) is an important genus of the Leguminosae
Fabaceae) family as containing some species rich in isoflavone
onstituents. This group of plant phenolics (flavonoids), therapeuti-
ally belonging to the class of phytoestrogens, had been the subject
f considerable scientific research in recent years, especially in
elation to soy isoflavones. Nowadays, besides the health bene-
ts related to menopausal problems, there is an interest in the
ossible preventive role of these compounds as regards to breast
nd prostate cancer, osteoporosis, as well as cardiovascular dis-
ase, combined with atheromatosis [1–5]. For isoflavone glycosides
nd malonylglycosides are metabolized in mammalian and human
mall intestine, releasing pharmacologically active aglycones [6],
ffective extraction techniques, followed by appropriate hydrolytic
rocedures are needed to determine the real, total concentra-
ion of non-glycosidic isoflavone phytoestrogens in plant samples
xamined. Knowledge on verified, factual amounts of isoflavone
glycones is undoubtedly of special importance in the establish-

ent of the proper dosage of clover extracts, while performing in

ivo experiments or clinical studies, and for further accurate eval-
ation of pharmacological activity of these constituents.

∗ Tel.: +48 817423713; fax: +48 817423809.
E-mail address: gzgorka@pharmacognosy.org.

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.03.011
xtraction cycles, was obtained.
© 2009 Elsevier B.V. All rights reserved.

Generally, to isolate isoflavone compounds from plant mate-
rial, traditional solvent extraction (with or without stirring), using
methanol, ethanol, acetonitrile or their aqueous mixtures [7–9],
overnight maceration in a suitable solvent [10] or continuous
extraction in a Soxhlet apparatus [11,12] have been reported.

In comparison with traditional extraction techniques, for a long
time used in sample preparation, extraction enhanced by sonication
(UAE) has been applied in increasing number of newer analytical
studies (mainly concerning soy isoflavones). Rostagno and co-
workers developed and optimized UAE for isolation of isoflavones
from soybeans [13] and soy beverages blended with fruit juices [14].
Tian et al. [15] performed extraction of isoflavones from natural
sources and nutritional supplements by sonicating raw materials
in cold 80% aqueous methanol for 10 min. In last decade, three
studies have been reported documenting the UAE use for extrac-
tion of isoflavones from Trifolium pratense L. (red clover) or dietary
supplements, deriving from aforementioned species [16–18].

Another modern extraction technique – PLE (also known by its
trade name: Accelerated Solvent Extraction – ASE), started to be
utilized at the end of the twentieth century [19]. The application
of elevated temperatures and pressures under an inert, nitrogen
atmosphere devoid of light, guarantees safe, quick and very efficient

extraction of sample constituents in this method, combined with
low or minimal use of toxic solvents and reduced waste generation
[20].

Recent analytical applications of PLE, focusing in extraction of
other groups of isoflavonoids from plant material, were described
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nly in two papers published in last decade. Rostagno and co-
orkers [21] isolated isoflavone derivatives from soybeans by
eans of PLE using 0.1 g freeze-dried sample of plant material

mixed with sand) and 70% ethanol as extracting solvent, subjected
o three static PLE cycles at 100 ◦C. Klejdus et al. [22] elaborated
wo-step procedure, with hexane followed by 60% methanol with
.3% formic acid as PLE solvents, used in two 5-min cycles, at 100 ◦C,
or extraction of isoflavones from soybean food.

Till the present day, the application of PLE to isolation of
soflavones from any clover species has not been reported. In
his study, taking into account advantages and disadvantages of
AE and CSE, PLE was selected as a primary extraction method
nd compared with the aforementioned techniques as regards to
heir effectiveness in the process of micropreparative isolation
f isoflavone compounds. Based on quantitative results of earlier
xperiments done [23], aboveground parts of red clover and four
ther Trifolium species, rich in isoflavone compounds were cho-
en. Although the isoflavone profile of red clover (predominant
mounts of formononetin and biochanin A) is known to vary from
hat observed in soybeans (main isoflavones: daidzein and genis-
ein) their final metabolites, showing phytoestrogenic properties in
umans are similar [24,25]. Hence, the results of the studies done
ay be the indication of new, alternative and valuable sources of

soflavone compounds useful for medicinal and dietary purposes.

. Experimental

.1. Reagents, solvents and materials

LC-grade solvents and reagents (acetonitrile, phosphoric acid)
ere purchased from J.T. Baker (Deventer, The Netherlands).
ethanol (MeOH), acetone (MeCOMe), hydrochloric acid (HCl) and

odium hydroxide (NaOH), obtained from POCh (Gliwice, Poland),
ere of analytical grade. In all experiments deionized water

18.2 M� resistance), produced by a SimplicityTM (Millipore, Mol-
heim, France) purification system, was used. Isoflavone standards:
aidzein (99% purity, determined by LC), genistein (99% purity,
etermined by LC), formononetin (95% purity, determined by LC)
nd biochanin A (99% purity, determined by LC) were purchased
rom ChromaDex (Santa Ana, CA, USA). The chemical structures
f these compounds were shown in Fig. 1. Phenyl BakerBond car-
ridges (500 mg, 3 mL), used for SPE procedure, were supplied by J.T.
aker (Phillipsburg, NJ, USA). Minisart SRP 15 syringe filters, with
ore size of 0.45 �m, were purchased from Sartorius (Goettingen,
ermany).

.2. Plant material

Aboveground, green parts of five Trifolium species: T. arvense L.
Tarv), T. medium L. (Tmed), T. pannonicum L. (Tpan), T. pratense L.
Tpra) and T. rubens L. (Trub) were obtained during their flowering

eriod, either from clovers growing in natural habitat (near Lublin)
r cultivated and collected in the Medicinal Plant Unit of the Depart-
ent of Pharmacognosy (Medical University of Lublin, Poland).
oucher specimens of the particular species were identified tax-
nomically and deposited in the Department of Pharmacognosy

Fig. 1. Chemical structures of isoflavone aglycones examined.
(2009) 46–53 47

(Medical University of Lublin). Clover samples were dried immedi-
ately just after collection in a drying oven at a temperature of 40 ◦C
for 24 h, then ground, milled and finally sieved to obtain a particle
size of 0.75 mm.

2.3. PLE procedure

A newly elaborated PLE procedure was performed using an ASE
100 Accelerated Solvent Extractor (Dionex Corporation, Sunnyvale,
CA, USA). The bottom part of a 10-mL stainless-steel extraction cell
was protected with a circular glass fiber filter, then each clover sam-
ple (0.5 g) was introduced and covered with a small plug of quartz
wool. Finally, the cell was tightly closed and placed in the heat-
ing oven. Extractions (n = 4, per each clover sample) were carried
out at an operating pressure of 10 MPa, using extraction solvents:
MeOH, MeOH–water (75:25, v/v), MeCOMe and MeCOMe–water
(75:25, v/v) at three temperature levels: 75, 100 and 125 ◦C. A 5-
min static time, a 100-s purge time and a flush volume of 60% were
programmed for each extraction cycle. In optimization of PLE pro-
cess, one to four extraction cycles, for samples of T. pratense (n = 6)
extracted with 75% MeOH at 75 ◦C, were examined. All PLE extracts
were evaporated under vacuum to dryness and subjected to acidic
hydrolysis.

2.4. UAE procedure

As the first reference method, UAE was performed using a
Sonorex ultrasonic bath produced by Bandelin Electronic GmbH
(Berlin, Germany). The apparatus generated ultrasounds with a sta-
ble frequency of 35 kHz.

Powdered herb samples (2 g) of five clover species were trans-
ferred into 250-mL round-bottom flasks, and poured with 75% or
100% (v/v) MeOH (50 mL). Each vessel was placed under reflux in
an ultrasonic bath. Samples, immersed in solvent, were sonicated
for 30 min at a controlled temperature of 75 ◦C. Then, after cooling,
methanolic extracts were carefully decanted into collecting flasks
and the whole extraction process was repeated twice (for 15 min)
for the same sample to guarantee total removing of isoflavones
from plant material. Combined extracts were evaporated till dry-
ness under vacuum. Four simultaneous UAEs per one clover sample
were done.

2.5. CSE procedure

As the second reference method, CSE was carried out for aerial
parts of five Trifolium species, using four replicates for each sample.
Pulverized clover herbs (2 g) were placed in 250-mL round-bottom
flasks and treated with 75% or 100% (v/v) MeOH (50 mL). Samples,
dipped in adequate solvent, were extracted under reflux, at a tem-
perature of 75 ◦C in a heating extraction mantle with a programmed
temperature controller (Multiserv, Lublin, Poland) for a period of
30 min. In the next step, cooled, methanolic extracts were carefully
decanted into collecting flasks and, under the same conditions, the
15-min extraction was repeated twice for the plant residue. Com-
bined extracts were evaporated till dryness in vacuo and submitted
to hydrolytic procedure.

2.6. Acid hydrolysis and neutralization of hydrolyzed clover
extracts
Each of dry residues, obtained by vacuum evaporation of PLE,
UAE and CSE clover extracts, was dissolved in 75% MeOH (6 × 10 mL)
and all liquid portions were transferred quantitatively to a 250-mL
round-bottom flask. Afterwards, 5 mL of 36–38% HCl was added to
the whole medium and finally the flask was placed in a heating
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antle under a reflux condensor. Sample hydrolysis has been per-
ormed from the beginning of liquid boiling for a period of 1 h. Then,
ydrolyzed extracts were allowed to cool to room temperature and
eutralized to pH ∼ 2.5 by adding, drop by drop, 25 mL of 2 M NaOH
queous solution, all the time stirring. Neutralized extracts were
ltered through Filtrak paper and evaporated in vacuo to dryness.
ry residues were washed with 75% MeOH and filtered using Minis-
rt SRP 15 syringe filters into 10-mL volumetric flasks and adjusted
o nominal volume using the same solvent. Afterwards, hydrolyzed
xtracts were subjected to SPE procedure.

.7. Sample clean-up using SPE

To remove other co-extractive, high molecular weight matrix
omponents (e.g. chlorophyll) present in PLE, UAE and CSE clover
xtracts, quick and efficient SPE procedure was employed, based on
arlier experiments done, giving very high recoveries (>96%) of all
our isoflavones examined [23]. A 12-port vacuum manifold pro-
essor (system Baker SPE-12G) connected with a vacuum pump
AGA-Labor, Warsaw, Poland) was used for SPE. Two mL samples
f clover extracts in 75% MeOH were transferred into phenyl J.T.
aker cartridges, activated previously with MeOH (10 mL), followed
y equilibration with 75% (v/v) MeOH (10 mL). Extract samples
ere drawn through the solid phase under vacuum (−0.01 MPa).
sing these conditions, analytes could directly flow through the

orbent beds, while the interfering substances (chlorophyll, waxes)
ere retained. Main eluate fractions were collected and the resid-
al isoflavones, adsorbed on SPE columns, were washed with
mL of 75% MeOH into the same collection vials. All combined
luates were further filtered into 10-mL calibrated flasks using
.45-�m Minisart SRP 15 filters (Sartorius, Goettingen, Germany)
nd finally (after diluting to 10 mL with 75% MeOH) analyzed by
C.

.8. LC analysis and method validation

The chromatographic system consisted of an Agilent Technolo-
ies (Waldbronn, Germany) Model 1100 liquid chromatograph,
quipped with a PDA detector, a Rheodyne 20-�L loop injector
10-�L samples were injected) and an on-line vacuum degasser.
he separation of isoflavone compounds was performed on an ODS
ypersil column (250 mm × 4.6 mm I.D.; dp = 5 �m) produced by
hermoHypersil (Runcorn, Cheshire, UK). A gradient mobile phase
ystem, with acetonitrile (A) and 1 mM phosphoric acid (B) was
sed as followed: 0 min/25; 5 min/35; 15 min/45; 20 min/95 and
5 min/95% A in B. The flow rate was of 1.0 mL min−1. The tem-
erature of thermostatted column compartment was maintained
t 20 ◦C during the whole separation process. Isoflavones were
etected at 260 nm.

Quantitative analysis of isoflavones was performed based on
n external standard method. The linearity of calibration curves,
btained for biochanin A, formononetin, daidzein and genistein,
as assessed using regression coefficients (R2) estimated for partic-
lar seven-point curves, constructed for increasing concentration

evels of aforementioned reference compounds, prepared as solu-
ions in 75% (v/v) MeOH. The repeatability of peak areas obtained
or isoflavones was checked by RSD evaluation (not higher than 3%)
btained in intra- and inter-day (n = 3) assays. Additionally, LOD
nd LOQ values were determined for all four isoflavone aglycones
xamined.

The variability of the quantitative LC results for particular

soflavone aglycones was analyzed based on T. pratense extracts
btained by PLE under optimized extraction conditions (75% MeOH,
= 125 ◦C, 3 static extraction cycles). The inter-day precision was
erified using three replicates a day of T. pratense sample, repeated
or three consecutive days (n = 9) and determining the RSD values.
(2009) 46–53

The intra-day precision was assessed using six sample replicates
per day, during different 3 days, with final RSD calculation.

The method accuracy was evaluated including only the results of
recovery tests for PLE, UAE and CSE, as the recoveries for hydrolytic
and SPE procedures have been earlier reported [23]. Stock methano-
lic solutions containing combined reference isoflavones: biochanin
A, formononetin, daidzein and genistein have been prepared at
three concentration levels (0.2, 0.4 and 0.6 mg mL−1) and 0.2-mL
volumes of particular aliquots (signed as fortification levels 1, 2
and 3, respectively) have been added to powdered samples of
clover examined (n = 5, for each fortification level), placed previ-
ously in extraction vessels. Samples were left at room temperature
for 10 min to enable MeOH evaporation. Afterwards, they were sub-
jected to PLE, UAE or CSE, using in all techniques 75% (v/v) MeOH
as an extraction solvent, at a temperature of 75 ◦C, followed by
hydrolytic and SPE procedures described above. Isoflavone recov-
eries were obtained by calculating the percent ratio of determined
amount to added amount together with RSD.

3. Results and discussion

3.1. Validation of LC method

To evaluate the effectiveness of PLE, UAE and CSE, quick
and reliable LC procedure of isoflavone qualitation and quan-
titation have been developed and validated. Calibration curves
for biochanin A, formononetin, daidzein and genistein showed
very good linear regression (R2 > 0.9995) and the linear ranges,
estimated for all four standards examined, were from ∼0.01
to ∼0.4 mg mL−1. The optimal gradient LC conditions, obtained
on an ODS Hypersil column, enabled the quick separation
of flavonoid compounds within 25 min. As baseline separa-
tion of isoflavone compounds was achieved and no interfering
peaks were detected, therefore the selectivity of the elabo-
rated procedure was also appropriate (Figs. 2 and 3). Low LOD
and LOQ values indicate that instrument parameters (detector
wavelength set at 260 nm and noise level) were in accor-
dance with analytical rules (Table 1). The combination of PLE
and LC methods provided good reproducibility with overall
intra- and inter-day precision less than 5% and 6%, respectively
(Table 2).

3.2. Optimization of PLE procedure

For obtaining the maximum efficiency of PLE technique some
crucial parameters have been optimized, including extraction tem-
perature, the composition of extraction solvent and number of
extraction cycles.

3.2.1. Temperature as a factor affecting PLE efficiency
As it was documented during the first step of PLE optimiza-

tion, at stable pressure of extraction process (10 MPa), the use of
elevated temperatures (100 and 125 ◦C) significantly increased the
kinetics of PLE process and the ability of extraction solvents to dis-
solve all four isoflavones, thanks to easier solvent penetration of
plant matrix and higher rates of mass transport. This phenomenon
was independent on the plant material, i.e. particular clover species
examined. The highest extraction efficiency for daidzein, genis-
tein, formononetin and biochanin A at 125 ◦C was reported (Fig. 4).
Moreover, under higher temperature conditions tested, no thermal
degradation of the analytes was observed.
3.2.2. PLE and the composition of extraction solvents
The selection of proper organic solvents or their mixtures with

water in PLE was prerequisite to obtain high yields of isoflavones
from plant material, however this problem had not been deeply
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Fig. 2. LC chromatogram of flavonoid compounds isolated from the aerial parts of T. medium by means of PLE (75% MeOH as an extraction solvent; t = 125 ◦C). Isoflavones:
1 = daidzein; 2 = genistein, 3 = formononetin, 4 = biochanin A.

Table 1
Parameters of calibration curves (y = ax + b): slope (a), intercept (b), regression coefficient (R2) together with LOD (S/N = 3) and LOQ (S/N = 10) values estimated for four
isoflavone aglycones.

Isoflavone a b R2 LOD LOQ

ng mL−1 �g g−1 ng mL−1 �g g−1

B
F
D
G

s
c
s
a
t
T
d
r
b
c

T
R

I

B
F
G
D

iochanin A 86492.2 76.4 0.99994
ormononetin 65046.7 −19.7 0.99989
aidzein 61349.2 −63.9 0.99989
enistein 83688.7 105.3 0.99994

tudied and documented in scientific literature as regards to this
lass of natural compounds. In this study, MeOH (from a group of
imple alcohols) and MeCOMe (a representative of simple ketones),
nd their 75% (v/v) aqueous solutions, were chosen as solvents
raditionally used for extraction of various plant polyphenolics.

◦
he results presented in Fig. 5, showing PLE efficiency at 100 C,
epending on the type of extraction liquids, were surprising in
elation to low isoflavone yield using MeCOMe, because it is the
asic organic solvent recommended by the 6th European Pharma-
opea to be used in standard extraction procedure of flavonoids,

able 2
esults (�g g−1 dry wt) of intra- and inter-day precision tests for isoflavone compounds is

soflavone Intra-day (n = 6)

1st day 2nd day

Mean RSD(%) Mean RSD(

iochanin A 2430 3.4 2529 3.3
ormononetin 2417 4.1 2496 3.9
enistein 339 4.6 371 4.5
aidzein 55 4.8 60 4.7
24 1 81 3
55 3 182 9
25 1 83 3
39 2 131 7

later analyzed by spectrophotometric method. Slightly higher
amounts of all four isoflavones were also isolated from clover herbs
using MeCOMe–H2O (75:25, v/v) as an extraction solvent. Notable
changes were only reported when MeCOMe was replaced by MeOH.
It lead to about two-fold higher PLE efficiency in relation to all

analytes examined. In details, for more hydrophobic isoflavones:
formononetin and biochanin A, maximum amounts extracted with
MeOH were comparable with those obtained using 75% (v/v) MeOH,
whereas for more polar compounds: daidzein and genistein, the
latter solvent resulted in the highest PLE efficiency (Fig. 5).

olated from T. pratense herb using PLE and determined by RP-HPLC.

Inter-day (n = 9)

3rd day Mean RSD(%)

%) Mean RSD(%)

2495 3.4 2489 4.2
2434 4.0 2431 4.6

358 4.8 363 5.1
57 4.9 58 5.8
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ig. 3. LC chromatogram of flavonoid compounds isolated from the aerial parts of
= daidzein; 2 = genistein, 3 = formononetin, 4 = biochanin A.
.2.3. Number of extraction cycles and PLE efficiency
Because of the low weight (0.5 g) of clover samples used, with

constant particle size of 0.75 mm, a 5-min extraction time for
ne cycle was established. In order to guarantee the exhausting
xtraction of plant material, the increasing number of extraction

Fig. 4. Influence of extraction temperature on the effectiveness of PLE
ense by means of UAE (75% MeOH as an extraction solvent; t = 75 ◦C). Isoflavones:
cycles (from 1 to 4) was tested. As it was presented in Table 3, the
full extraction of all four isoflavones examined has been already
completed after third cycle and the use of the fourth one turned
out to be needles. Therefore, in all further experiments three 5-min
static extraction cycles were used for optimum efficiency of PLE.

procedure (extraction solvent: 75% MeOH; 3 extraction cycles).
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extraction conditions (comprising extraction temperature of 125 C,
75% (v/v) MeOH as the extraction solvent and three 5-min static
extraction cycles) to prepare aqueous-alcoholic isoflavone fractions
from aerial parts of five clover species and to determine the quali-
tative and quantitative profile of these analytes by RP-LC. Graphical

Table 4
Mean recoveries (% ± RSD, %; n = 5) of four isoflavone aglycones determined for clover
Fig. 5. Influence of various extraction solvents on the effectivenes

.3. Effectiveness of PLE technique in comparison with UAE and
SE

The advantages of PLE over UAE and CSE included less time
equired for preparing the extract, the ability of process automa-
ion and full temperature control. Besides, it was observed that
LE, using the same organic solvents as traditional techniques, used
hem much more efficiently. Hence, the reduction of solvent con-
umption by up to 90%, giving significant savings for each operation,
as been documented for PLE.

With the aforementioned technique, the time required for
xhausting extraction of isoflavones was shortened four-fold, i.e.
rom 1 h (reported for UAE and CSE) to 15 min.

The relative extraction efficiency, determined for PLE, UAE
nd CSE, indicated that PLE produced the highest yields of four
soflavones examined at the same extraction temperature of 75 ◦C
Fig. 6). Additionally, for all these techniques, the comparison
f extraction solvents revealed the higher yield of more polar
soflavones: genistein and daidzein using 75% (v/v) MeOH, whereas
or more hydrophobic: formononetin and biochanin A, 100% MeOH
urned out to be the best extraction solvent. In general, for CSE, rel-
tive extraction efficiency did not exceeded 74%, while for UAE, it
as comprised in the range from 66.3% to 94.4% (Fig. 6).
CSE lead to cleaner extracts than PLE and UAE, however the risk
f obtaining greater amounts of co-extracted hydrophobic com-
ounds was avoided by using the effective SPE clean-up procedure.

able 3
fficiency of PLE procedure, depending on the number of static extraction cycles,
xpressed as amount of extracted isoflavones (�g g−1 dry wt ± SD; n = 6); PLE condi-
ions: 0.5 g sample of T. pratense, 75% (v/v) MeOH as extraction solvent, temperature
f 75 ◦C.

ompound Number of static extraction cycles

1 2 3 4

aidzein 30 ± 2 37 ± 2 42 ± 2 42 ± 3
enistein 196 ± 10 234 ± 12 278 ± 13 283 ± 13
iochanin A 1307 ± 99 1495 ± 114 1627 ± 116 1600 ± 116
ormononetin 1229 ± 96 1411 ± 104 1541 ± 106 1539 ± 100
E procedure (extraction temperature: 100 ◦C; 3 extraction cycles).

3.4. Isoflavone recoveries in PLE, UAE and CSE

The comparison of the mean recoveries of biochanin A, daidzein,
formononetin and genistein (Table 4) showed similar and very good
(close to 100%) accuracy in determination of four isoflavones using
PLE, UAE and CSE in combination with RP-LC. As it was reported, the
recoveries tested for the second and third fortification level were a
little bit higher in relation to the first one. The lowest RSD values
(in the range of 3.9–5.1%) for CSE were recorded.

3.5. Application of PLE and RP-LC to determination of isoflavones
in clovers

Once PLE method had been developed and its advantages over
UAE and CSE had been documented, it was used under optimum

◦

samples fortified at levels 1, 2 and 3 and subjected to PLE, UAE and CSE procedures.

Isoflavone Mean recovery (%) ± RSD, (%); n = 5

PLE UAE CSE

Biochanin A 96.6 ± 4.91 96.3 ± 5.11 97.2 ± 4.71

101.3 ± 5.02 102.3 ± 4.82 99.3 ± 4.62

100.1 ± 4.93 100.3 ± 4.63 101.3 ± 4.03

Daidzein 94.6 ± 6.01 93.8 ± 5.41 96.9 ± 4.81

97.3 ± 5.02 98.2 ± 4.72 99.0 ± 4.52

97.6 ± 5.23 98.0 ± 4.93 98.1 ± 4.03

Formononetin 98.1 ± 3.81 97.9 ± 4.21 98.8 ± 3.91

99.7 ± 5.22 100.2 ± 4.62 99.6 ± 4.02

100.9 ± 4.93 101.3 ± 4.83 102.1 ± 4.53

Genistein 93.8 ± 5.81 96.9 ± 5.41 97.1 ± 5.11

96.2 ± 6.12 97.1 ± 5.02 98.3 ± 4.92

97.1 ± 5.63 97.9 ± 5.13 98.2 ± 5.03

1, 2, 3 Numbers of fortification levels.
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Fig. 6. Comparison of relative extraction efficiency determined

resentation of the results obtained (Fig. 7) revealed a new clover
pecies (Tmed), that, similarly to common red clover (Tpra), might
e important from the medicinal point of view as containing very
igh amounts (above 1.6% dry wt) of total aglycone forms of phar-
acologically active isoflavones. In all five clover species examined

redominant amounts of hydrophobic isoflavones (formononetin
nd biochanin A) have been documented. This observation entitles
or the statement, that quantitative profile of isoflavone aglycones
n clovers is quite different from that in soya beans reported. In more

eneral sense, the elaborated PLE technique, thanks to a very high
fficiency of the extraction procedure, can be used for quick prepa-
ation of extracts from a great number of plant samples containing
soflavones and to establish the real amounts of these analytes by
ptimized RP-LC method.

ig. 7. Total and individual content of particular isoflavone aglycones in five clover
pecies obtained under optimized PLE conditions.
LE, UAE and CSE techniques at extraction temperature of 75 ◦C.

4. Conclusions

In this work, the impact of variable extraction methodology on
the recoveries of isoflavone compounds from five clover species was
investigated and compared. The PLE proved to be a modern sam-
ple preparation technique, providing significant advantages such as
optimum efficiency with lower costs of reagents and high yield of
isoflavone aglycones with good precision and accuracy, in relation
to other conventional extraction methods (CSE), also those assisted
by ultrasonication (UAE).

This is the first report describing the use of PLE in microprepar-
ative isolation of isoflavones from plants representing Trifolium L.
genus. The quantitative results, obtained thanks to the employment
of the aforementioned extraction method and its combination with
RP-LC, revealed new and rich herbal sources of pharmacologically
active isoflavones for medicinal purposes.
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a b s t r a c t

By using the specific primer extension reaction, a new assay for genotyping of single-nucleotide polymor-
phisms (SNPs) has been demonstrated. The assay relies on the conformational and colorimetric change
of water-soluble polythiophene derivative, poly[3-(3′-N,N,N-triethylamino-1′-propyloxy)-4-methyl-2,5-
vailable online 13 March 2009

eywords:
ingle-nucleotide polymorphisms
ationic polythiophene

thiophene hydrochloride] (PMNT), upon forming interpolyelectrolyte complex with extended double
strand DNA and non-extended single strand DNA. All three kinds of SNP genotypes can be colorimetri-
cally identified with one primer extension reaction in homogeneous solution. Moreover, combining with
the specific digestion of RNA strands in the RNA/DNA hybrids, the proposed assay can also be applied to
SNP genotyping for RNA templates. The SNP genotyping assay does not require chemical modification of
oligonucleotide probes and nucleic acid targets and any separation step. It would be useful for routinely

labo

NA
NA SNP detection in ordinary

. Introduction

Single-nucleotide polymorphisms (SNPs) are the most common
ype of human genetic variation. Due to their high-density and rela-
ively even distribution, SNPs as high-resolution genetic marks have
een used for candidate gene association studies and fine mapping
isease loci [1]. SNP detection has become increasingly important
o identify disease-causing genes and for early disease diagnosis.
s more and more SNPs of known relevance for disease are being

dentified, such as the SNPs associated with the Alzheimer’s disease
2] and the mutations in the p53 gene associated with a variety of
uman cancers [3], the disease-associated SNP detection is likely
o be routinely applied to secure diagnoses of patients [4]. From
oint-of-care clinical diagnostic, a number of selected SNP markers

n disease-related genes need to be routinely genotyped. To meet

he demand, the simple, robust, and low-cost genotyping assays are
esirable.

Up to date, a wide variety of techniques have been proposed
or SNP detection [4–6]. However, most of the currently existing

Abbreviations: SNPs, single-nucleotide polymorphisms; dNTPs, total of dATP,
TTP, dCTP and dGTP; RTase, reverse transcriptase; RNase H− , absence activity
f ribonuclease H; RUs, repeat units; DEPC, diethypyrocarbonate; ssDNA, single
trand DNA; dsDNA, double strands DNA; PMNT, poly[3-(3′-N,N,N-triethylamino-
′-propyloxy)-4-methyl-2,5-thiophene hydrochloride].
∗ Corresponding author. Fax: +86 312 5079403.

E-mail address: lzpbd@hbu.edu.cn (Z. Li).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.02.056
ratories.
© 2009 Elsevier B.V. All rights reserved.

SNP genotyping assays need to label the oligonucleotide probes
or dNTPs/ddNTPs to produce detectable signals. The widespreadly
used labels include radioactive isotope [7], fluorescent dyes
[8–10], electrochemical redox-labels [11], nanoparticles [12,13] and
enzymes [14]. The label process generally limits the application
of SNP detection to the routine diagnoses due to its sophisticated
preparation, high cost and the low stability of labeled probes.
As a way to circumvent the limitations, intense researches have
recently been carried out worldwidly with the goal of develop-
ing efficient label-free methods for SNP detection, which include
electrochemical [15–17], colorimetric [18], surface plasmon reso-
nance [19,20] and capillary electrochromatography [21]. However,
these label-free methods still need the complex protocol to immo-
bilize the oligonucleotide probes on the surfaces of electrodes
or nanomaterials, or long-time electrochromatographic process.
Moreover, all these methods are based on the hybridization with
allele-specific oligonucleotide (ASO) probes, which suffer the dis-
advantage of low specificity because the ASO methods identify
SNPs only based on the differences in thermal stability between
one-base mismatched and perfectly matched hybrids of the tar-
gets and ASO probes. In contrast, the primer extension methods are
based on the high specificity of DNA polymerase to catalyze the
DNA synthesis reaction. The 3′-terminal of a pair of allele-specific

primers is designed to respectively match the nucleotide at the
polymorphic site of wild and mutant targets. Under appropriate
conditions, only the primer whose 3′-terminus perfectly matches
the interrogated sequence can be extended catalyzed by the DNA
polymerase. Generally, the primer extension methods offer 10 times
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igher genotype discrimination than the ASO methods [22]. Fur-
hermore, the primer extension methods are robust, they only
equire two oligonucleotide probes and can be easily optimized
23]. The mini-pyrosequencing assays [24] and mass spectrometry-
ased detection [25] can combine the label-free detection with
igh specificity of primer extension reaction. However, the pyrose-
uencing assays need the sophisticated conversion reactions and
xpensive biochemical and bioluminescent reagents. Mass spec-
rometry instrument is too expensive to use in the routinely clinical
aboratories.

Due to their optical signal amplification effect, cationic con-
ugated polymers (CCPs) have been widely used to fabricate
iological sensors [26], and have been recently designed to geno-
ype SNPs [27,28] with FRET detection. However these SNP assays
lso need fluorescently labeled dNTPs. Recently, Leclerc and co-
orkers [29,30] and Nilsson and Inganás [31] groups developed
ew water-soluble polythiophene derivatives, which can produce
he conformational changes upon forming interpolyeletrolyte com-
lex with DNA strands and can transduce the complex formation

nto optical (colorimetric or fluorometric) signal without any label-
ng of the DNA probe or the target. Therefore, the water-soluble
olythiophene derivatives can offer a unique platform for label-free
iological detections, such as DNA hybridization [29,31], human
-thrombin [30], S1 nuclease activity and DNA damage [32]. Tak-

ng the advantages of the label-free detection of polythiophene
erivative and the high specificity and robustness of primer exten-
ion reaction, herein, we demonstrate a simple and reliable SNP
enotyping assay for DNA targets in a homogeneous manner. Fur-
hermore, combining with the specific digestion of RNase H, the
roposed assay can also be applied to SNP detection of RNA targets.

. Experimental

.1. Apparatus and reagents

PAGE-purified DNA and RNA oligonucleotides, reverse tran-
criptase (RTase) M-MLV (RNase H−) and dNTPs were purchased
rom TaKaRa Biotechnology Co. Ltd. (Dalian, China). The con-
entration of the oligonucleotides was determined by measuring
he absorbance at 260 nm in a 100 �L quartz cuvette. A TU1901
V–visible spectrophotometer (Purkinje General Instrument Co.
td., Beijing, China) was used to measure the absorption spec-
ra. The primer extension reactions were carried out in 200 �L
CR microtubes and the reaction temperature was controlled by
T1 Thermal Cycler (Biometra, Germany). DEPC water and Mil-

ipore filtration system-purified (18.2 M�) and sterilized water
ere respectively used for SNP genotyping assays of RNA and
NA. Cationic water-soluble poly[3-(3′-N,N,N-triethylamino-1′-
ropyloxy)-4-methyl-2,5-thiophene hydrochloride] (PMNT) was
repared from an oxidative polymerization in chloroform with
eCl3 as the oxidizing agent according to the procedure in the liter-
tures [29,33].

.2. Procedures

For the primer extension reaction with DNA targets as the tem-
late, 2.0 �L target DNA (1.0 × 10−4 M), 2.0 �L primer (1.0 × 10−4 M),
nd 100 �L Tris–HCl buffer (10 mM Tris–HCl, 50 mM KCl, 1.5 mM
gCl2, pH 8.3) were mixed in a 200 �L PCR microtube. The solution
as heated at 70 ◦C for 5 min and cooled at room temperature for
0 min. Afterward, 2.0 �L dNTPs (including 2.5 × 10−3 M of dATP,
CTP, dGTP and dTTP) and 100 Unit RTase M-MLV were added in
he solution. The mixed solution was incubated at 42 ◦C for 30 min
o perform the primer extension reaction. After naturedly cooling
o room temperature, 5.0 �L 1.0 × 10−3 M (monomer repeat units
79 (2009) 27–31

(RUs)) PMNT was transferred in the reaction product. After mix-
ing, the UV–vis absorption spectrum was measured in a 100 �L
quartz cuvette with a TU 1901 spectrophotometer. The SNP geno-
types experiment were the same as the above procedure, except for
three kinds of SNP genotypes targets which were 2.0 �L target DNA
T1 (1.0 × 10−4 M), 1.0 �L target DNA T1 (1.0 × 10−4 M) and 1.0 �L tar-
get DNA T2 (1.0 × 10−4 M) and 2.0 �L target DNA T2 (1.0 × 10−4 M)
according to primer 1 and primer 2 respectively.

For the primer extension reaction with RNA targets as the tem-
plates, the mixture solution of 2.0 �L target RNA (1.0 × 10−4 M),
2.0 �L primer (1.0 × 10−4 M) and 100 �L buffer (50 mM Tris–HCl,
75 mM KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3) in a 200 �L PCR micro-
tube was heated at 70 ◦C for 5 min, 50 ◦C for 1.5 h, and cooled at
room temperature for 10 min. 2.0 �L dNTPs (2.5 × 10−3 M of each
dNTP), 100 unit RTase M-MLV and 1.0 �L (40 units) Ribonucle-
ase Inhibitor (TakaRa Biotechnology Co. Ltd. Dalian, China) were
then transferred in solution and incubated at 42 ◦C for 1 h to per-
form the primer extension reaction. Afterward, 3 Unit RNase H was
added in the solution and incubated at 30 ◦C for 10 min to specifi-
cally digest the RNA strands in the RNA/DNA hybrids. Finally, 3.0 �L
PMNT (1.0 × 10−3 M in RUs) was mixed with the reaction product
and the UV–vis absorption spectrum was measured.

3. Results and discussion

3.1. Principle of SNP detection

Our new SNP genotyping strategy is illustrated in Fig. 1a. Here
four types of oligonucleotides are used: a primer 1 (P1: 5′-gTC CTg
ggA gAg ACC-3′), a wild DNA target (T1: 5′-Cgg AgA TTC TCT TCC
TCT gTg CgC Cgg TCT CTC CCA ggAC-3′); a primer 2 (P2: 5′-gTC CTg
ggA gAg ACT-3′), and a mutant DNA target (T2: 5′-Cgg AgA TTC TCT
TCC TCT gTg CgC CAg TCT CTC CCA ggAC-3′). The oligonucleotides
T1 and T2 are the fragments of p53 exon 8 containing a polymor-
phic site (Arg282Trp), where the nucleotide G (underlined in T1) in
a wild-type target is replaced by A (underlined in T2) in a mutant.
The 3′-terminal nucleotides of P1 and P2 are designed to be comple-
mentary to the T1 and T2 respectively at the polymorphic site. When
P2 is mixed and hybridized with the DNA targets (including T1 and
T2), the primer extension reaction will be taken place along T2 tem-
plate (situation A of Fig. 1a) in the presence of reverse transcriptase
(RTase) and dNTPs to produce double-stranded DNA (dsDNA). In sit-
uation B, the 3′-terminal nucleotide of P2 is not complementary to
the wild DNA target T1, thus the primer extension reaction cannot
take place and T1 remains single stranded DNA (ssDNA) conforma-
tion. Certainly, if P1 is used for the primer extension reaction, T2
will remain ssDNA and T1 will produce dsDNA.

A water-soluble poly[3-(3′-N,N,N-triethylamino-1′-propyloxy)-
4-methyl-2,5-thiophene hydrochloride] (PMNT, Fig. 1b) is
employed to transduce the primer extension event into col-
orimetric signal. The absorption spectra of PMNT itself and the
mixture of PMNT, RTase M-MLV and dNTPs were respectively
measured in the same experimental conditions. As shown in Fig. 2,
the absorption spectrum of PMNT is almost the same as that of the
mixture, indicating that the RTase M-MLV and dNTPs do not affect
the colorimetric properties of PMNT. Therefore, the colorimetric
effects (i.e., color changes) described in this paper should be
originated from the interaction between PMNT and nucleic acid
molecules.

The PMNT itself takes a random-coil conformation in an aqueous
solution. As shown in Fig. 3a, the PMNT solution exhibits maximum

absorption at a short wavelength (�max = 379 nm, yellow color) as
any twisting of the conjugated backbone leads to a decrease in the
effective conjugation length [29,32]. The PMNT can form an inter-
polyelectrolyte complex (triplex) with dsDNA produced from the
primer extension reaction of P2/T2 through strongly electrostatic
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Fig. 1. (a) Schematic representation of the SNP genoty

nteraction, in which the PMNT takes a right-handed helical orien-
ation due to the binding of the polymer to the negatively charged
hosphate backbone of dsDNA [29]. Thus, the maximum absorption
f the triplex is red-shifted to 412 nm (Fig. 3b) and the solution is
range. When the PMNT electrostatically combines with the ssDNA
n the non-extended P2/T1, it takes planar conformation and the
olythiophene backbone is highly conjugated. As a result, the much
ed-shift (�max = 472 nm, Fig. 3c) and clear color change (from yel-
ow to pink–red) can be observed. Thus the colorimetric effects
f PMNT can be used to probe the primer extension reaction and
hould be conveniently applied to SNP genotyping.

.2. SNP genotyping of DNA target

For the DNA targets used in the studies, three kinds of SNP geno-

ypes are generally possible: homozygous G (only wild DNA T1),
eterozygous G/A (wild DNA T1 and mutant DNA T2), and homozy-
ous A (only mutant DNA T2). When the P2 is used as the primer
o perform the extension reaction in the presence of RTase and
NTPs, the DNA target in homozygous G type will remain ssDNA

ig. 2. UV–vis absorption spectra of (a) PMNT and (b) the mixture of PMNT, RTase M-
LV, and dNTPs. The solution a is prepared by addition 5.0 �L PMNT (1.0 × 10−3 M in

Us) in 100 �L buffer solution (10 mM Tris–HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3).
he solution b is prepared by mixing of 100 units RTase M-MLV, 2.0 �L dNTPs (con-
aining each dNTP of 2.5 × 10−3 M), 5.0 �L PMNT (1.0 × 10−3 M in RUs) and 100 �L
uffer solution.
assay for DNA target; (b) chemical structure of PMNT.

conformation, half of the DNA target in heterozygous G/A type can
form dsDNA, and all of the DNA target for homozygous A type
will form dsDNA. Fig. 4 compares the colorimetric effects of the
three SNP types upon addition of PMNT after the primer extension
reaction with P2, where the absorbance ratio of 412 nm to 472 nm
(A412 nm/A472 nm) is used to represent the absorbance changes. As
shown in Fig. 4 that three kinds of genotypes could be clearly
distinguished by measurement of A412 nm/A472 nm. Moreover, the
SNP genotyping could also be well accomplished with P1 exten-
sion reaction in the same experimental conditions (Fig. 4). These
results give evidence that the proposed method is accurate and
versatile to identify SNP genotypes. More importantly, with the pro-
posed method, all three kinds of SNP genotypes can be identified
in one primer extension reaction by measuring the absorbance of
A412 nm/A472 nm.
3.3. SNP genotyping of RNA target

To investigate SNP genotyping assay for RNA, the wild RNA tar-
get (T1

′: 5′-Cgg AgA UUC UCU UCC UCU gUg CgC Cgg UCU CUC CCA
ggAC-3′) and mutant RNA target (T2

′: 5′-Cgg AgA UUC UCU UCC

Fig. 3. UV–vis absorption spectra of (a) PMNT, (b) PMNT and primer extension reac-
tion product of P2/T2, and (c) PMNT and primer extension reaction product of P2/T1.
[PMNT] = 5 × 10−5 M in RUs, [P2] = [T1] = [T2] = 2 × 10−6 M. The primer extension reac-
tions were performed in Tris–HCl buffer (10 mM Tris–HCl, 50 mM KCl, 1.5 mM MgCl2,
pH 8.3) at 42 ◦C for 30 min in the presence 100 units RTase M-MLV and 5 × 10−5 M
dNTPs.
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Fig. 4. The ratio of absorbance of 412 nm to 472 nm (A412 nm/A472 nm) as a function of
homozygous A, heterozygous G/A, and homozygous G. The results are respectively
a
T
t
r

U
f
t
t
a
t
S
e
a
w
t
i
t
f

cquired by using primer 1 and primer 2 as the primers for the extension reactions.
he heterozygous G/A target was prepared by mixing wild target T1 and mutant
arget T2 at molar ratio of 1:1. The experimental conditions for primer extension
eaction are the same as Fig. 3.

CU gUg CgC CAg UCU CUC CCA ggAC-3′) are used as the templates
or primer extension reactions. Sequences of T1

′ and T2
′ are respec-

ively the same as T1 and T2 except the deoxyribonucleotides and
hymine in DNA targets are respectively replaced by ribonucleotides
nd uracil. Therefore, P1 and P2 can be also used as the primers for
he primer extension reaction with RNA targets. The principle of
NP genotyping assay for RNA target is depicted in Fig. 5 and the
xperimental results are shown in Fig. 6. As shown in Fig. 6a, the
bsorption maximum of the duplex complex of RNA target (T1

′)

ith PMNT appears around 410 nm, which is almost the same as

hat of triplex complex of dsDNA with PMNT (Fig. 3). This result
ndicates that PMNT conformation in RNA/PMNT duplex is similar
o that in dsDNA/PMNT triplex, which can be attributed to RNA con-
ormation easy to form secondary structure. When P1 hybridizes

Fig. 5. Schematic representation of the SN
Fig. 6. UV–vis absorption spectra of (a) PMNT and T ′
1, (b) PMNT and the primer

extension reaction product of P1/T ′
1, (c) PMNT and the primer extension reaction

product of P1/T ′
2 after RNase H digestion, and (d) PMNT and the primer extension

reaction product of P1/T ′
1 after RNase H digestion.

with T1
′ followed by extension reaction in the presence of RTase

and dNTPs, the hybrid of RNA/DNA can be obtained. The absorption
spectrum pattern (Fig. 6b) of the triplex of the RNA/DNA with PMNT
is the same as that of RNA/PMNT duplex (Fig. 6a). RNase H specifi-
cally digests RNA only in complementary DNA/RNA hybrids. When
the RNA strands in the RNA/DNA hybrids are specifically digested by
ribonuclease H (RNase H), the ssDNA strand will be released. Upon
addition of PMNT, the DNA/PMNT duplex can form and the much
red-shifted absorption can be observed (Fig. 6d). In contrast, when
the mutant RNA (T2

′) is used as the template, P1 extension reaction
can not take place because the 3′-terminal base of P1 (C) is not com-

plementary to the base (A) of T2 at the polymorphic site. Therefore,
only P1 can be released after the RNase H digestion. The formation
of P1/PMNT only results in a little absorption at long wavelength
(Fig. 6c). One can see from Fig. 6 that the absorbance difference of
a, b, c, and d reaches the maximum at 525 nm. Therefore, the col-

P genotyping assay for RNA target.
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Fig. 7. The absorbance ratio of 525 nm to 410 nm (A525 nm/A410 nm) corre-
sponding to the absorption spectra in Fig. 6. [PMNT] = 3 × 10−5 M in RUs,
[P1] = [T′

1] = [T′
2] = 2 × 10−6 M. The primer extension reactions were performed in
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Angew. Chem. Int. Ed. 41 (2002) 1548–1551.
ris–HCl buffer (50 mM Tris–HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, pH 8.3) at
2 ◦C for 1 h in the presence of 100 unit RTase M-MLV and 5 × 10−5 M dNTPs. 3.0 unit
Nase H was mixed with the reaction product and incubated at 30 ◦C for 10 min in
rder to digest the RNA strands in RNA/DNA hybrids.

rimetric changes of PMNT can be characterized by the absorbance
atio of 525 nm to 410 nm (A525 nm/A410 nm). As shown in Fig. 7, com-
ination of the primer extension reaction with the specific digestion
f RNase H, the one-base mutation of RNA target can be clearly
iscriminated by measuring the colorimetric effects of PMNT.

. Conclusion

In summary, a novel methodology for SNP genotyping assay of
NA and RNA targets has been developed based on conformational
hanges of the backbone of cationic polythiophene derivative. In
ontrast to previous reports [10], this new assay does not require
ny chemical modification of oligonucleotide probes and nucleic
cid targets, which should significantly reduce the SNP genotyping
ost. With the proposed method, all three kinds of SNP genotypes
an be colorimetrically identified with one primer extension reac-
ion in homogeneous solution. This procedure could provide simple
peration without requirement of any separation steps and inex-
ensive instrumentation for reliable and robust SNP detection. The

mplification, typically by the polymerase chain reaction (PCR), of
he genomic DNA region that spans the locus of interest is a gen-
ral step of SNP genotyping methods [23]. The application of the
roposed method in real genomic sample analysis can be easily
chieved by using standard PCR protocol. Therefore, we believe that

[
[
[

[

79 (2009) 27–31 31

the proposed SNP genotyping assay should be practical, especially
for routinely clinical diagnoses in ordinary laboratories.
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