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a b s t r a c t

In this study, a new amperometric biosensor was developed for the detection of the anti-dementia drugs
fortified with tap water. For this purpose, electrocopolymerization of 5,6-bis(octyloxy)-4,7-di(thiophen-
2-yl)benzo[c][1,2,5]oxadiazole(BODT) with (2-(((9H-fluoren-9-yl)methoxy)carbonylamino) acetic acid
(FMOC) on graphite electrode was successfully achieved and used as an immobilization matrix. Acetyl-
cholinesterase (AChE) and choline oxidase (ChO) enzyme couple was immobilized on copolymer coated
graphite electrode via covalent binding with the help of carbodiimide chemistry. Changes in the
responses of the proposed biosensor based on AChE inhibition were recorded using acetylcholine as
the substrate. The bi-enzymatic biosensor based on conducting copolymer showed good linear detection
range between 0.01 and 12.0 mM and a detection limit (LOD) of 0.014 mM to acetylcholine. Surface and
electrochemical characterization were performed via Scanning Electron Microscopy (SEM) and cyclic vol-
tammetry (CV) techniques. Moreover, the design biosensor system was tested for the detection of neo-
stigmine and donepezil as pharmaceuticals in fortified tap water samples. Very low detection limits of
0.027 lg/L donepezil and 0.559 lg/L neostigmine were achieved. The analysis of spiked tap water proved
the biosensor capability to be used. The results were found to be in good agreement with the ones deter-
mined by HPLC/DAD technique.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Conducting polymers (CPs) have received a great deal of atten-
tion due to their unusual electrochemical properties such as elec-
trical conductivity, low energy optical transitions and low
ionization energy [1]. With their valuable optical and electronic
properties as well as good mechanical properties, conjugated poly-
mers have appeared as an attractive field in several application
areas [2–5]. The ability to be used conducting polymers as an
excellent immobilization platform for biomolecules deposition
makes them considerable candidates for biosensor construction.
CPs are preferred to produce a compatible microenvironment for
biological reactions to mimic the naturally occurring environments

of biomolecules and also enable structural and electronic modifica-
tions to accomplish desired properties [6]. Moreover, biosensors
prepared using conducting copolymers have been proposed for
the alternative to the traditional methods due to their number of
favorable properties [7,8]. The surface characteristic of biosensor
has been improved greatly after forming a two different substruc-
ture instead of separate layers. The main motivation for the con-
struction of copolymer based biosensors is not only to show
better properties than that of homopolymers but also to develop
a sensitive, simple and selective tool for monitoring different kind
of analytes. By this way, well organized matrices with adjustable
morphology can be arranged offering extensive stability of the
enzymes incorporated.

Reversible AChE inhibitors are used as pharmaceuticals (antich-
olinesterases) for different human diseases which are in relation
to a deficit with acetylcholine (ACh). Some of them, which are
containing a quaternary ammonium group such as neostigmine
and pyridostigmine cannot penetrate the cell membrane or
the blood–brain barrier. They act predominantly on peripheral
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nicotinic and muscarinic receptors and have direct action on skel-
etal muscle. Thus neostigmine is mainly in use for antagonism of
neuromuscular blocking and myasthenia gravis [9]. Lipid soluble
agents as physostigmine and donepezil (log KOW 4.9) [10] how-
ever can cross the blood–brain barrier and enter the CNS. Donepe-
zil is one representative which is approved for the treatment of
mild to moderate Alzheimer’s diseases [11]. As already reported
for many pharmaceuticals [12], anticholinesterases may enter the
aquatic environment via wastewater discharges. In 2010, 35.6 mil-
lion people were estimated to suffer from dementia worldwide
[13]. This number is expected to nearly double in every 20 years.
Therefore there is an indication that also the use of antidementia
drugs will increase and consequently water pollution with these
pharmaceuticals is expected to increase. Therefore foresight by
monitoring of water compartments is indicated. A high sensitive
and quick analytical method would be needed in order to detect
and to monitor the presence of these substances in water compart-
ments. So far many methods were already published for the deter-
mination of the anticholinesterases donepezil and neostigmine in
biological samples like human plasma, blood, urine and drug sam-
ples using the chromatographic methods GC and HPLC combined
with different extraction and clean-up methods [14–24]. These
methods need high sophisticated technique equipment and are
time consuming. Thus, the development of enzyme-based biosen-
sors appears as a promising alternative to the classical methods
owing to their simple measurement procedure, short response
time, sufficient sensitivity and selectivity. For these reasons, bio-
sensors based on the inhibition of cholinesterase enzyme are
attractive for the detection of various analytes. So far some publi-
cations on the analysis of pharmaceuticals using biosensors have
been published. Du group [25] reported that a biosensor to detect
neostigmine and galantamine using a platform of sol–gel derived
silicate network incorporating gold nanoparticles. Due to the inhi-
bitions of medicines, the electrochemical response of substrate on
AChE-sensor was investigated. The inhibition curves showed good
correspondence with the results by UV spectrophotometry assay.
The constructed sensor exhibited high sensitivity, low cost and
simplified procedures. Ozturk et al. [26] reported that fluorescent
pH-sensitive dyes entrapped in PVC matrix were used to construct
an AChE optical biosensor. The developed sensor was utilized for
both neurotransmitter and inhibitor analyses. Sensor properties
like response time or repeatability were evaluated. Determination
of ACh and donepezil was accomplished by the use of target bio-
sensor design. Zamfir et al. [27] also reported that an acetylcholin-
esterase biosensor was developed for the detection of two
carbamate therapeutic drugs based on an ionic liquid gel thiocho-
line sensor. The proposed biosensor exhibited very low detection
limits of neostigmine. It also tested on the analysis of spiked tap
water which had a good recovery degree.

Over the last decades, acetylcholinesterase biosensors have
emerged as an ultra-sensitive and rapid technique for toxicity anal-
ysis in environmental monitoring, food and quality control [28]. A
variety of different immobilization methods have been described
for the construction of amperometric acetylcholine sensors. Two
enzymes acting in an enzymatic reaction sequence is employed
commonly. In the first reaction, acetylcholine is converted to cho-
line due to the hydrolysis of AChE followed by a second reaction
where ChO oxidized choline yielding betaine. Meanwhile, oxygen
is converted to hydrogen peroxide upon a certain applied potential.
By this way, electrochemical current is recorded as a sensor
response.

Herein, a highly efficient and sensitive biosensor based on a
novel conducting copolymer was developed for the detection of
pharmaceuticals in the tap water. For this purpose, a conducting
polymer, poly[(5,6-bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]
oxadiazole] poly(BODT) and poly[(2-(((9H-fluoren-9-yl)methoxy)

carbonylamino) acetic acid] poly(FMOC) were synthesized electro-
chemically and utilized as immobilization platform of the target
biomolecules. Choline oxidase (ChO) and acetylcholinesterase
(AChE) enzymes were immobilized on the graphite electrode with
the help of 1-ethyl-3-(3-dimethylamiopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) as the cross linking agents. Elec-
trocopolymerization was used to enhance both the electron trans-
fer during amperometric measurements and durability and
sensitivity of the biosensor with the use of functional groups of
polymers. During immobilization, enzyme molecules were cova-
lently attached on the electrode surface with the help of carboxylic
acid groups in the polymer backbone and amine groups in the
enzyme couple which provide the superior stability and activity
of the biosensor. Scheme 1 displays the fabrication of the ampero-
metric biosensor. Then, optimization and characterization studies
were carried out for the proposed biosensor. The goal of this work
was to develop a sensitive amperometric biosensor for measure-
ments of pharmaceuticals on the basis of their inhibitory effect
on AChE activity. After investigation of the experimental condi-
tions related to the performance of the fabricated biosensor,
donepezil, and neostigmine in tap water samples were analyzed
with the proposed sensor (poly(BODT-co-FMOC)/AChE-ChO). In
order to validate the accuracy of the biosensor spiked tap water
samples were analyzed in parallel with HPLC/DAD after enrich-
ment with solid phase extraction (SPE).

2. Experimental

2.1. Materials and methods

Neostigmine bromide (98%) (NEO), donepezil hydrochloride
monohydrate (P98%) (DON) were purchased from Sigma–Aldrich
Co. LCC. (St. Louis, USA). Acetonitrile and methanol (Hipersolv
Chromanorm�, gradient grade) were obtained from VWR Interna-
tional GmbH (Darmstadt, Germany), pure water for HPLC was pre-
pared using Seralpur Pro 90 ultrapure water system (Seral Elrich
Alhäuser GmbH (Bansbach-Baumbach, Germany). Stock solutions
were prepared by solving 10.03 mg NEO and 7.37 mg DON in
10 mL methanol, respectively.

Acetylcholinesterase (AChE, EC 3.1.1.7, 518 U/mg from Elec-
trophorus electricus (electric eel)), acetylcholine chloride, N-
hydroxysuccinimide (NHS), NaClO4, LiClO4, choline oxidase (ChOx,
EC 1.1.3.17, 14 U mg�1 from Alcaligenes sp) and FMOC was pur-
chased from Sigma–Aldrich Co. LCC. (St. Louis, USA). N-(3-Dimeth-
ylaminopropyl)-N0-ethylcarbodiimide hydrochloride (EDC) was
purchased from Fluka (Buchs, Switzerland). Dichloromethane
(DCM), acetonitrile (ACN) were purchased from Merck (Darmstadt,
Germany). All chemicals needed for the syntheses of monomers
were purchased from Aldrich. All chemicals were analytical grade.

For the amperometric studies and cyclic voltammetry measure-
ments Palm Instrument (PalmSens, Houten, The Netherlands) was
used. All electrochemical measurements were performed in a three
electrode cell consisting of a graphite electrode (Ringsdorff Werke
GmbH, Bonn, Germany, type RW001, 3.05 mm diameter and 13%
porosity) as the working electrode, platinum electrode (Metrohm,
Switzerland) as the counter electrode and a Ag wire as the refer-
ence electrode.

2.2. Synthesis of the (5,6-bis(octyloxy)-4,7-di(thiophen-2-
yl)benzo[c][1,2,5]oxadiazole) poly(BODT))

Synthesis and characterization of the monomer, BODT were
achieved according to literature [29]. Alkyl chain was introduced
to pyrocathecol unit to overcome solubility problem. Nitration of
1,2-bis(octyloxy)benzene was performed via electrophilic aromatic
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