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A simple and sensitive method for determining anatoxin-a in aqueous samples was developed using solid-phase microextraction
as chromatography with mass spectrometry (GC–MS) detection. Three forms of polyaniline (PANI) films and a single form of po
PPY) film were prepared and applied for SPME. The extraction properties of these films to anatoxin-a were examined and it was
eucoemeraldine form of PANI displayed a better selectivity to this compound. SPME conditions were optimized by selecting the a
xtraction parameters, including type of coating (leucoemeraldine form of PANI at 32�m thicknesses), salt concentration (10%, w/v), t
f extraction (30 min) and stirring rate (1000 rpm). The calibration curve was linear in the range from 50 to 10 000 ng/ml, with the

imit (S/N= 3) of 11.2 ng/ml. This method was successfully applied for the analysis of anatoxin-a in the cultured media of two s
yanobacteria.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The occurrence of toxic cyanobacterial blooms and scums
s a world-wide phenomenon, with instances found in over
0 countries. It has been investigated in fresh, brackish or
arine waters throughout Europe, North and South America,
ustralia, Africa and Asia[1].
The toxins of cyanobacteria can be grouped into three

ategories: hepatotoxins (microcystins, nodularins and cylin-
rospermopsin), neurotoxins (anatoxin-a, homoanatoxin-a,
natoxin-a(s) and saxitoxins) and lipopolysaccharide endo-

oxins[2].
Anatoxin-a (2-acetyl-9-aza bicyclo [4.2.1] non-2-ene)

Fig. 1) is a secondary amine alkaloid, produced by species
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of Anabaena and Cylindrospermum, as well as, Aph
zomenon flos-aquae and benthic members of the Osc
ria/Phormidium group[3]. Anatoxin-a has a high toxici
(LD50 i.p.mouse 200–250�g/kg)[4] and it is a neuromusc
lar blocking agent which acts as a postsynaptic choline
nicotinic agonist[5].

Anatoxin-a degrades readily, especially in sunlight
at high pH, to non-toxic degradation products[8]. Two im-
portant degradation products of anatoxin-a are epoxy
dihydroanatoxin-a which have been identified from var
blooms[6].

A number of analysis methods have been prop
for anatoxin-a, such as; gas chromatography (GC)
electron capture detection (ECD) following derivatiza
[7], gas chromatography–mass spectrometery (GC–
[8], high performance liquid chromatography (HPLC) w
ultra-violet [9,10] and fluoresence[6,11] detection of its
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Fig. 1. Structure of anatoxin-a.

derivatives and various methods using mass spectrometric
(MS) detection[3,12–16]. Recently, Pawliszyn et al. intro-
duced a new method for analysis of anatoxin-a in aqueous
samples by SPME-HPLC with fluoresence detection[17].

Polyaniline (PANI) exists in a variety of protonation
and oxidation forms: Leucoemeraldine (fully reduced form)
(Fig. 2a), emeraldine (Fig. 2b) and pernigraniline (fully ox-
idized form) (Fig. 2c) [18]. Polypyrrole (PPY) exists in a
doped form (Fig. 2d) with electrolyte anions as dopant agents
[19].

To date, several experimental coatings in SPME have been
prepared and investigated for a range of applications. In ad-
dition to commercial coatings such as polydimethylsiloxane
(PDMS) for general applications, other more specialized ma-
terials such as polymeric coatings have been developed. The
widely used polymers in SPME are based on polypyrrole
(PPY), polythiophene and polyaniline (PANI). Of these three
classes of materials, PPY and its derivatives have been mostly
used and intensively studied in recent years[20].

In this study, coatings consist of gold wires which are
electrochemically coated with PANI and PPY were used as
sorbent agents in SPME and analyses were carried out by
GC–MS. The coated surfaces of PANI and PPY were stud-
ied by scanning electron microscopy (SEM). The results
show that leucoemeraldine form of PANI is a very good sor-

F (a),
e

bent for extraction of anatoxin-a at low concentration level
(11.2 ng/ml), with high linearity (50–10 000 ng/ml) and low
relative standard deviation (2.7%).

2. Experimental

2.1. Reagents

Anatoxin-a fumarate was purchased from Sigma (Missis-
sauga, Canada). Aniline (99.55%) and pyrrole (98%) were
purchased from Aldrich (Mississauga, Canada) and distil-
lated before use. NaCl, Na2CO3 and NaHCO3 salts, methanol
(HPLC grade), hydrochloric acid (≥32%) and sulfuric acid
(≥98%) were purchased from Merck (Darmstadt, Germany).
All aqueous solutions were prepared using deionized water.
Deionized water was prepared using a Milli-Q (Millipore,
Bedford, MA, USA) purification system. The stock standard
solution (1.0 mg/ml) of anatoxin-a was dissolved in deionized
water and stored at 4◦C in a refrigerator.

Cultured species of cyanobacteria were obtained from
Caspian See Bony Fishes Research Center (Gilan, Iran). The
algae tested in this study wereNostoc carneum(Fremy and
Geitler) andanabaena SP2.1

2.2. Instrumentation
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ig. 2. Structure of three forms of coated PANI: leucoemeraldine form
meraldine form (b), pernigraniline form (c) and PPY coated (d).
A manual SPME assembly was purchased from Azar E
rod (Urmia, Iran). The Snigders Scientific (Tilburg, T
etherlands) freeze-dryer was used for freeze-drying o
ae material at−50◦C and 0.08 mbar. Electropolymeriz

ion was performed using a Metrohm 746 VA Trace A
yzer (Herisau, Switzerland), which was controlled by e
rochemical software VA Data Base2. A Universal centrif
rom Rad Producting Co. (Tehran, Iran) was used for
erifuging of solutions. For scanning electron microsc
SEM), PANI- and PPY-coated wires, covered with a g
lm and then analyzed using a Philips XL30 scanning e
ron microscope (The Netherlands) at 25 kV accelerating
ential. A magnetic stirrer MR 3001 K from Heidolph (G
any) and a magnetic stirring bar in cylindrical shape w

ing from Witeg (Germany) were used for stirring the sam
uring extraction.

A Varian 3800cp GC equipped with a flame ionization
ector with a cp-sil 5CB column, (30 m× 0.25 mm I.D., film
hickness 0.25�m contained 100% polydimethyl siloxan
Chrompack, USA) was used for all of optimization pro
ures. The oven was temperature programmed as fol
0◦C (1 min) to 250◦C (15 min) at 15◦C/min. The carrier ga
as nitrogen (purity 99.999%) at a flow-rate of 1.5 ml/m
he volume injected for obtainingF (detector response fa

or) (See Eq.(1)in Section3.1) was 1�l, the mode of injectio
as splitless during 45 s and then the carrier gas was spli

1 This species is maintained in Caspian See Bony Fishes Research
f Iran.
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split ratio (1:50). The injector and flame ionization detector
temperature were 250 and 280◦C, respectively. Data were
acquired with a Varian Star system. A Fisons 8000 gas chro-
matograph coupled with a mass detector Trio 1000, equipped
with a capillary column cp-sil 5CB, 30 m× 0.25 mm I.D.,
0.25�m film thickness, containing 100% polydimethylsilox-
ane (Chrompack, USA) was used under the same chromato-
graphic conditions of GC except that helium was used as car-
rier gas. The interface was mainted at 200◦C and the spectra
were obtained at 70 eV.

2.3. Preparation of PANI and PPY films

PANI and PPY films were prepared electrochemically us-
ing a three-electrode system. The reference electrode was
Ag/AgCl (Metrohm, 3 M KCl). The counter electrode was a
platinum wire in cylindrical shape with 1.8 mm O.D. and 2 cm
length (Metrohm), and a gold wire (250�m O.D., 1.5 cm
length) from Azar Electrod Co. was used as a working elec-
trode. All potentials applied were relative to the correspond-
ing reference[22,23]. All the polymeric films were prepared
at ambient temperature (25◦C). The solutions were deoxy-
genated by bubbling nitrogen for 200 s prior to use. The
PANI films were generated from solution of distillated ani-
line (0.1 M) in deionized water (Milli-Q, Millipore), using
H lic
v ed
b -
s eu-
c ing
t o-
t s.
F ep-
i r-
s

n of
d .
T .8 V

(versus Ag/AgCl) at a scan rate of 10 mV/s. All prepared
films were washed with methanol and dried with nitrogen.
According to the SEM study, the estimated thicknesses of all
prepared films were 32�m.

2.4. Preparation of standard solutions

Anatoxin-a can be stored as supplied (fumarate salt) at
−20◦C for up to 1 year and stoke solutions at−20◦C for up
to 3 months. 2 ml sodium carbonate buffer solution (10 mM,
pH 10) was spiked with 2�l stock standard solution and was
placed in a 4-ml dark vial in which sodium chloride (200 mg)
was added and rapidly sealed with a silicone septum and a
screw cap. For sampling, the fiber is first withdrawn into the
syringe needle, which is used to penetrate the septum of sam-
ple vial. The fiber is then inserted into the sample solution by
pushing the plunger. The fiber is completely immersed into
the sample solution. The sample solution in the vial is stirred
with a magnetic stirring bar. The speed of rotation of stirring
bar was 1000 rpm, extraction time was 30 min and the tem-
perature of sample solution was 25± 2◦C. After extraction,
the plunger was withdrawn to retract the fiber into the needle
and syringe needle was removed from the vial. For desorp-
tion, the needle was inserted into the GC injection port and
then the fiber was exposed to the hot injector of GC system for
a out
f ob-
s letely
b

2

cted
b ric
a at
5 . The
p were
e es

e-PAN
2SO4 (1.0 M) electrolyte. Films were deposited by cyc
oltammetry. Pernigraniline form of PANI was produc
y sweeping continuously between−0.2 and +1.1 V (ver
us Ag/AgCl) after six cycling. For the preparation of l
oemeraldine form, fully reduced PANI form, after sweep
he potential from−0.2 to +1.1 V (versus Ag/AgCl), the p
ential was stopped at−0.2 V (versus Ag/AgCl) during 600
or the formation of emeraldine (salt) form of PANI, swe

ng the potential (from−0.2 V) was stopped at +0.335 V (ve
us Ag/AgCl).

The PPY film was prepared from an aqueous solutio
istillated pyrrole (0.1 M) using H2SO4 (0.2 M) electrolyte
he film was prepared by six cycles between 0.00 and +0

Fig. 3. Scanning electron micrograph of the leucoemeraldin
nalysis. Thermal desorbtion of anatoxin-a was carried
or 5 min. Analyte carry over (memory) effect was not
erved because the concomitants were desorbed comp
y the carrier gas flow during 5 min.

.5. Preparation of real samples for analysis

Freeze-dried cyanobacterial material (1 g) was extra
y stirring with methanol (100 ml) contaning hydrochlo
cid (1 M, 1 ml) for 10 h. The solution was centrifuged
000 rpm for 10 min and the supernatant was collected
ellet was re-extracted twice and the combined extracts
vaporated to dryness at 50◦C under nitrogen. The residu

I (a) and PPY (b) coated gold wires surface at 10000× magnifications.
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were reconstituted with 15 ml deionized water and the SPME
prodecure was carried out.

3. Results and discussion

3.1. Optimization of SPME conditions

Four parameters were optimized to achieve the best ex-
traction efficiency for SPME. These parameters include the
type of coating, concentration of salt, extraction time profile
and speed of stirring. All parameters were evaluated on the
basis of extraction yield (%) which are the percentage of ex-
tracted amount of analyte (nA) per initial amount of analyte
in a 2-ml sample solution. The amount of analyte extracted
was calculated as:

nA = FA =
(

m

Ad

)
A (1)

wherenA is the amount (mass) of analyte extracted by SPME,
F is the detector response factor which can be calculated by
comparing the amount of analyte (m) injected and the area
counts (Ad) obtained by liquid injection (F=m/Ad) andA is
the response (area counts) obtained by SPME. The results are
discussed below.

All optimization procedures were carried out by GC-FID,
a
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gen bonding with leucoemeraldine form of PANI, which has
free NH groups, better than PPY and emeraldine salt forms of
PANI, which their has radical cation NH groups. The results
showed that the extraction yield (%) is decreased when there
is a decrease in the free NH groups. Pernigraniline, which
is fully oxidized, has a lowest ability to extract anatoxin-a,
while emeraldine form of PANI and PPY with some non-
oxidized NH groups have higher affinity toward anatoxin-a
than leucoemeraldine PANI form. Generally, it can be seen
that PANI forms have a higher affinity toward anatoxin-a than
PPY. The SEM results demonstrated these observations. As
shown inFig. 3, PANI has fibrous structure, while PPY has
globular structure. The surface of PANI is much smoother
than that of PPY film, and its porosity is more than PPY.

Fig. 4. Optimization of SPME procedure: effect of NaCl concentration (a),
effect of extraction time (b) and effect of stirring rate (c) on extraction yield.
Analyte concentration in the sample: 1000 ng/ml.
nd each analysis was repeated for three times.

.1.1. Coating selection
In the present study, four coatings (leucoemeraldine

f PANI, emeraldine salt form of PANI, pernigraniline fo
f PANI and doped form of PPY) were evaluated for th
xtraction efficiencies to the anatoxin-a. The extraction y
%) values for analyte concentration of 1000 ng/ml were
or leucoemeraldine, 0.22 for emeraldine salt, 0.084 for p
graniline and 0.14 for doped PPY. Among them leucoem
ine form of PANI shows higher extraction yield (%) th
ther coatings for anatoxin-a. Therefore, the leucoem
ine form of PANI coating was selected and used for
ubsequent experiments. Extraction periods of 30 min
hosen for all coatings since it was equivalent to run the
hromatogram and samples can be analyzed continuou

The outputs from the sensing units depend on the n
f the polymeric films. The extraction ability of polyme
lms is due to the intractions between polymer and ana
uch as base–acid, dipole–dipole interactions and hyd
onding, in addition to the�–� and hydrophobic intraction
he increased affinity of PANI and PPY to anatoxin-a ca
ttributed to�–� intraction and hydrogen bonding betwe
ANI and PPY polymers and the compound.

The PANI- and PPY-doped and undoped sorbents sh
ifferent effects to adsorbtion of the compound. The di
nce in extraction efficiencies can be due to the ability o
rogen bounding formation between polymers and the c
ound, since in buffer solution with pH 10, positively char
natoxin-a salt (fumarate salt) neutralized, can form hy
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It is known, porous structures should significantly increase
the effective surface areas of the films and therefore, higher
extraction efficiency can be expected compared with non-
porous films, so, the higher extraction efficiency of PANI
films than PPY, can be attributed to their surface morphol-
ogy. It seems, in extraction process of pernigraniline form

of PANI and PPY, hydrogen bonding is more effective than
porosity.

3.1.2. Salting-out effect
Extraction recovery is increased with addition of salt to

sample matrices as salt effectively reduces the solubility of
Fig. 5. Total ion current (a) and mass spectrum (b) obtained
 by SPME-GC–MS of real sample solution (Nostoc carneum).
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analytes. The effect of addition of sodium chloride to sam-
ples is shown inFig. 4a. The results show that the amount
of anatoxin-a extracted increased with the concentration of
sodium chloride. The maximum amount of anatoxin-a was
found at the salt concentration of 10% (w/v) and decreased
slightly with higher salt concentration. Therefore, the con-
centration of sodium chloride used in subsequent experiments
was 10% (w/v).

3.1.3. Extraction time
The effect of extraction time on the adsorbed amount of

anatoxin-a is tested. As shown inFig. 4b, the amount of ana-
lyte extracted increased when the time of extraction increases
from 2 to 30 min. After 30 min, the amount of analyte ex-
tracted continue to increase but with smaller slopes. How-
ever, a further increase in the extraction time increases the
analysis time, which is not desirable for the routine analysis.
Fig. 6. Total ion current (a) and mass spectrum (b) obtained by SPME-GC–
MS of real sample solution (Nostoc carneum) after 1 day of sample preparation.
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3.1.4. Speed of stirring
The efficiency of the extraction may be increased by stir-

ring of the aqueous solution and it is important to maintain a
constant stirring speed in order to obtain reproducible results.
PANI film was exposed to standard solution (1000 ng/ml) for
30 min at different stirring speeds. The sample solution (2 ml)
was stirred in a 4-ml vial by magnetic stirring bar with 3 mm
O.D. and 8 mm length. The effect of stirring rate is shown
in Fig. 4c. Maximum amount of adsorbed anatoxin-a was
obtained at 1000 rpm.

3.2. GC–MS analysis of anatoxin-a standard solution

The analysis of standard sample showed the retention time
11.241 min for anatoxin-a with conditions given in the experi-
mental section. The mass spectrum showed fragments of 165,
150, 136, 122, 94, 68 and 43m/z that related to anatoxin-a.
After exposing the sample to light and passing one day of
sample preparation, the peak in 11.241 min was disappeared
and a new peak in 27.072 min was observed that according
to its molecular ion (atm/z 167) and similar fragments to
anatoxin-a in its mass spectrum, it can be attributed to a re-
lated compound of anatoxin-a.

3.3. GC–MS analysis of anatoxin-a in cyanobacterial
cells
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Table 1
Repeatability of retention time and peak area of anatoxin-a

Anatoxin-a
concentration
(ng/ml)

Retention time Peak area

Mean (min) RSD (%) Mean (counts) RSD (%)

100 11.51 0.65 44197 4.8
1000 11.19 0.64 466492 5.5

Experiments were performed in three replicates.

repeatability of retention time and peak area of anatoxin-a.
The retention-time variation of anatoxin-a was not dependent
on concentration.

The intra- and inter-day precision of the method were in-
vestigated by analyzing of three samples with same concen-
tration and each analysis was repeated for three times. The
same determination was performed for 3 days (three times
each day). The RSD (%) of intra-day and inter-day assay
were 5.15, 2.7, respectively.

4. Conclusions

A simple and practical GC and GC–MS method in com-
bination with SPME for the determination of anatoxin-a in
cultured medium of cyanobacteria and contaminated water
is presented. Also the ability and potential application of the
PANI and PPY coatings for extraction of anatoxin-a from
algae matrices have been demonstrated. Maximum response
was obtained using a leucoemeraldine base form of PANI
film, a 30 min extraction time, 10% (w/v) salt concentration
and 1000 rpm stirring rate.

The results of using PANI films for SPME are in good
agreement with the result expected from the structures of
the polymers and with those obtained by this procedure.
The calibration curve showed linearity in the range of
5 limit
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i
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ent,
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[
[

The proposed method was applied to analysis of two
ured species of cyanobacteria. Both of real samples, the
on currents confirmed the results obtained from standar
ution. TIC and MS spectra of one of real samples (Nostoc
arneum) are shown inFig. 5. The Peak in 11.256 min
elated to anatoxin-a. After exposing the sample to light
assing one day of sample preparation, result as same a
ard solution was seen for the real samples. As shown inFig. 6
eak in 11.256 min disappeared and a new peak in 27.01
as observed. Quantification of the samples was carrie
y peak area using the external standard calibration. Th

ained results were 0.156 and 0.248 mg/g lyophilized cel
ostoc carneum(Fremy and Geitler) andanabaena SP2, re-
pectively. The concentration of anatoxin-a was the ave
alue of the three measurements. This method can also
lied for monitoring and screening anatoxin-a from serio
ontaminated water.

.4. Precision, limit of detection and linearity

The calibration curve showed linearity in the range
0–10000 ng/ml for anatoxin-a and linear regression e

ion wasy= 5.0783x+ 344.58 wherex is amount of analyt
ng/ml) andy is the peak area. The correlation coeffcien
he calibration curve was 0.9997. Method limit of detec
S/N= 3) and quantitation were 11.2 and 200.1 ng/ml, res
ively. In this work, by precisely controlling the film prepa
ion conditions and performing SPME under the same co
ions, the differences between films were low.Table 1shows
-

0–10 000 ng/ml for anatoxin-a in aqueose sample. The
f detection of anatoxin-a was 11.2 ng/ml for measurem

n the aqueous sample.
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