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Abstract

In this article, a novel amperometric acetylcholine (ACh)
biosensor with immobilization of acetylcholinesterase—choline
oxidase (AChE-ChO) on electrochemically polymerized poly-
aniline—polyvinylsulphonate (PANI-PVS) film has been success-
fully developed for the first time. AChE and ChO enzymes were
immobilized on PANI-PVS film by cross-linking with using
glutaraldehyde (GA) and bovine serum albumin (BSA).
Determination of ACh was carried out by oxidation of
enzymatically produced H,0, at +0.4 V versus Ag/AgCl.
Optimum pH and temperature were found to be 8.0 and
60°C, respectively. The linear part was in the region
1.0x1077-6.0 x 1077 M (R*=0.990). Storage stability and
operation stability of the enzyme electrode were also studied.

Keywords: acetylcholine, acetylcholinesterase, biosensor, choline
oxidase, polyaniline, polyvinylsulphonate

Introduction

Acetylcholine [CH;COOCH,CH,N"(CH3);] (ACh) is an ester
that synthesized from choline (Ch) and acetyl coenzyme A
(AcetylCoA) by choline acetyltransferase (ChAT).
Systematic name of ACh is 2-acetoxy-N,N,N-trimethyletha-
naminium. ACh provides the transmission of messages
between brain nerve cells (Carey 1990).

)
Hy Hy +
H3C——C——S——CoA + OH——C ——C ——N(CH,);
AcetylCoA Choline
HS——CoA 0
|| Hy H, +
ChAT HaC——C——0——C"—C —N(CHy)s
Acetylcholine

ACh is one of the most important neurotransmitters and
also is the first discovered neurotransmitter in the literature
(Heli et al. 2008, Shimomura et al. 2009). In the early

twentieth century, Sir Henry Dale and other colleagues
have done important studies on ACh and noradrenaline to
contribute to the autonomic nervous system (Burnstock
2009). ACh plays a vital role in central and peripheral
nervous system (Bowen et al. 1976, Deutsch & Rogers 1979,
Shimomura et al. 2009). ACh affects memory, sleep,
concentration ability and learning (Shimomura et al.
2009). Furthermore, ACh relates with dementia,
Alzheimer’s Disease, Parkinson’s Disease (Davies &
Maloney 1976, Heli et al. 2008) and schizophrenia (Heli
et al. 2008, Tandon 1999). ACh also affects parasympathetic
nerves. It causes slowing of heartbeat rate, increasing saliva
and increasing bladder movements. Because of all these
reasons, clinical and analytical determination of ACh is
very important (Doretti et al. 2000, Pepeu & Giovanni 2004,
Sattarahmady et al. 2010).

There are many enzyme biosensors in which dual
enzymes reactions take place (Shimomura et al. 2009).
The immobilization of enzymes on electrodes during the
design and optimization of biosensors has attracted great
interest (Cete et al. 2007). In general, ACh sensors are
obtained by immobilizing suitable amounts of cholinester-
ase and choline oxidase (ChO) on electrode surface (Chen
et al. 2008, Garguilo et al. 1993, Navera et al. 1991). In these
biosensors, ACh determination is achieved by oxidation of
H,0, which occurs after AChE and ChO reactions (Chen
et al. 2008). Choline is a hydrolytic product of acetylcho-
line; it reacts with ChO and H,0, is formed (Ozdemir et al.
2012, 2014).

Acetylcholine + H,0 AChE Acetate + Choline
Choline + 20, + H,0 £ Betaine + 2H,0,

Numerous AChE-based biosensors designed in various
techniques such as potentiometric (Liu et al. 2005, Timur
et al. 2004), amperometric (Hou et al. 2012), electroche-
miluminescence (Hou et al. 2012, Wang et al. 2009) and
fluorescence (Hou et al. 2012, Oztiirk et al. 2007).
Amperometric dual AChE/ChO biosensors are promising
between AChE-based biosensors due to their high
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precision, good nature and improvable properties (Hou
et al. 2012).

Various immobilization techniques have been used for
amperometric ACh biosensors (Shimomura et al. 2009).
However, traditional methods such as entrapment in
polymer gel cannot always give high response or be
adequately improved methods due to loss of enzyme
activity during the immobilization period (Albareda-Sirvent
et al. 2000, Cosnier 1999, Shimomura et al. 2009).
Therefore, enzyme immobilization method is one of the
most important factors for enzyme-based biosensors. For
immobilizing of enzymes, conductive polymers are promis-
ing materials. PANI is a conductive polymer (Sari et al.
2002). In this work, PANI conductive polymer was doped
with PVS.

Amperometric response of sensor is caused by H,O,
oxidation current (Arslan et al. 2006). So, the performance
of ACh biosensors significantly depends on the catalytic
activity of immobilized AChE and ChO on the surface
(Chen et al. 1998).

In this work, a new amperometric biosensor for
determination ACh was prepared. For this reason, AChE
and ChO enzymes have been immobilized at polyaniline-
polyvinylsulphonate (PANI-PVS) film by cross-linking. ACh
detection was based on the oxidation of enzymatically
produced H,0,, at +0.4 V. Optimum conditions of enzyme
electrode were determined. The effects of pH and
temperature on the response of the ACh biosensor were
investigated. The linear working range of enzyme electrode
was determined. After then, reuseability and storage
stability of the biosensor were determined. Interference
effects were investigated on the amperometric response of
the biosensor.

Materials and methods
Equipment and reagents

The electrochemical studies were carried out by using
Epsilon EC electrochemical analyzer with a three-electrode
cell. The working electrode was a Pt plate (0.5cm?).
Auxiliary and reference electrodes were Pt wire and
Ag/AgCl electrode (3.0M KCl), respectively. The pH
values of the buffer solutions were measured with an
ORION Model 720A pH/ion meter. Temperature control
was achieved with Grant GD 120 thermostat.
Acetylcholinesterase (EC 3.1.1.7, purified from
Electrophorus electricus (electric eel) Type V-S, activity of
100.0 unit/mL) and choline oxidase (EC 1.1.3.17, purified
from the Alcaligenes species, activity of 5.0 unit/mL) were
purchased from Sigma. Acetylcholine chloride was also
purchased from Sigma. Aniline and sodium polyvinylsul-
phonate were supplied from Merck and Aldrich, respec-
tively. All other chemicals were obtained from Sigma. All
the solutions were prepared by using distilled water.

Preparation of Pt/PANI-PVS film electrode

The surface of the Pt plate electrode was cleaned (Gros
et al. 2000) and covered with PANI-PVS film by

electropolymerization of aniline in a medium containing
sodium polyvinylsulphonate. Ten microliters of solution
containing 0.2M aniline, 2.5 mL (25%) sodium polyvinyl-
sulphonate was prepared (Arslan et al. 2011). Pt electrode
was immersed into prepared solution and the system was
purged with argon for 10 min in order to remove the
oxygen. The electropolymerization was carried out on the
Pt electrode surface by using constant potential of +0.75 V
for 1 h (versus. Ag/AgCl electrode (3M KCl)) (Arslan et al.
2011). The electrode was washed with deionized water after
the coating process to remove the unreacted aniline
monomer.

Immovbilization of AChE-ChO on Pt/PANI-PVS film
electrode

After electropolymerization, the mixture solution of 50.0 puL
of AChE (5.0 unit/mL), 50.0 uL of ChO (5.0 unit/mL),
1.0 mg of BSA, 50.0 pL of 0.1 M phosphate buffer at pH of
8.0 and 15.0 uL of 2.5% GA was dropped on Pt/PANI-PVS
film (Aynaci et al. 2014). Electrode was dried at room
temperature and washed with buffer solution (0.1M
phosphate buffer of pH 8.0) several times in order to
remove the excess nonimmobilized enzyme and GA.
Immobilized enzyme electrode was kept in a refrigerator
at +4 °C in phosphate buffer, when not in use.

Amperometric measurements
Quantification of ACh was achieved via electrochemical
detection of enzymatically released H,0,.
_ AChE
CH3COO(CH2)2N+(CH3)3C1 + H,0O —
(ACh)
CH;COOH +HO(CH,),N*(CH3),Cl™
(Aceticacid) (Ch)

HO(CH,),N* (CH3);Cl™ 420, + H,0 29

(Ch)
HOQC(CHz)l\FL (CH';)3C1_ + 2H,0,
(Betaine) (Hydrogenperoxide)

H,0, "% 0, 4+ 2H* + 2¢

Enzyme electrode was immersed into phosphate buffer
solution (0.1 M, at pH 8.0) containing 0.1M sodium
chloride as supporting electrolyte. Electrode was brought
to equilibrium by keeping it at +0.4 V (versus Ag/AgCl
electrode (3.0M KCl)). Steady-state current (i,) was
recorded. After, ACh solution was added to the cell from
stock solution and the system was stirred. Current (i)
values obtained at +0.4 V were recorded and current values
(Ai = i, — i,) were plotted against the ACh concentration.

Results and discussions

In this study, we reported a new AChE/ChO based
amperometric biosensor for the determination of ACh.
AChE and ChO were immobilized onto PANI-PVS film
surface by cross-linking with GA and BSA for the first time.
The determination of ACh was performed by oxidation of
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Figure 1. Reaction scheme for the ACh determination.
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Figure 2. The effect of potential on the response of the Pt/PANI-PVS
electrode to H,0,.

H,0,, which occurs after enzymatic reactions at +0.4 V
versus Ag/AgCl. Figure 1, which demonstrates the ACh
determination, is shown below.

According to this scheme, a biochemical reaction occurs
between ACh in solution and AChE-ChO enzymes which
are immobilized onto PANI-PVS electrode. At first, ACh is
hydrolyzed to Ch and acetate by AChE. Then, Ch is
oxidized to betaine by ChO. And flavin adenine dinucleo-
tide (FAD), which is a prosthetic group in enzyme
structure, is reduced to FADH, by taking electron. FADH,
in enzyme is oxidized by giving its electrons to oxygen in
solution to make the reaction reversible. Thus, enzyme
comes to its previous form. By taking the electron, oxygen is
reduced to H,0,. ACh determination was made by
measuring the anodic current of hydrogen peroxide on
electrode surface (Aynaci et al. 2014). The parameters
affecting the performance of the biosensor and optimum
working conditions were investigated.

Determination of working potential

After preparing Pt/PANI-PVS electrode, H,O, oxidation
was carried out at different potentials (+0.2-+0.6V)
(Figure 2). When results were examined, the oxidation
currents of H,O, at +0.2 V were too low; therefore, currents
of H,O, at +0.2 V was not shown in Figure 2. Compared
with other potentials, the oxidation currents of H,0, at +0.3
V were too low. Interference effects of substances presented

0.04
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Figure 3. The effect of pH on the response of the biosensor
(at 2.5x107°M ACh, at a +0.4V operating potential). (@) 0.1M
phosphate buffer, (4) 0.1 M glycine buffer, (4) 0.1 M borate buffer.

in body fluids (e.g. ascorbic acid, uric acid) could be more
in high potentials (Zhang et al. 2007). Therefore, +0.4V was
used as working potential.

Effect of pH on amperometric response of biosensor

One of the most important factors affecting the enzyme
activity is pH. Each enzyme has a pH value which shows
maximum activity (Nelson and Cox 2005). The pH value
depends on the charge of enzyme or matrix (Yildirimoglu
et al. 2009). Effect of pH on the response of the ACh
biosensor was tested with more than one buffer solutions
varied between pH 6.0 and pH 10.0. The measurements
were performed at a constant ACh concentration
2.5x107°M with 0.1M phosphate, glycine and borate
buffers diverse between pH 6.0 and 10.0. As seen in
Figure 3, the maximum response was obtained at pH 8.0.

For ACh biosensors, optimum pH was reported as 8.0
(Doretti et al. 2000), 7.5 (Hou et al. 2012), 9.0 (Aynac: et al.
2014) and 8.3 (Larsson et al. 1998). The difference in pH
values depends on the used polymer and immobilization
type. Also, immobilized enzymes can show high activities
under different pH conditions when compared with free
enzyme (Aynaci et al. 2014, Erduran et al. 2013).

Effect of temperature

Temperature is an important factor which affects stability,
activity and the rate of the enzymatic reaction. Therefore, it
is important to examine how the current changes with
the temperature of the prepared biosensor’s answer.
The relationship between reaction rate of enzymes and
temperature is exponential (Arslan et al. 2012). The
amperometric response of the prepared biosensor was
investigated at different temperatures by using constant
Ach concentration of 2.5 x 10°°M (Figure 4). As seen from
Figure 4, the current difference increased with temperature
up to 60°C and decreased afterward. The highest current
difference was obtained at 60 °C. The enzyme was thought
to be denaturized after this temperature. Due to the
difficulties involved in working at 60 °C, the studies were
carried out at 25°C.

For ACh biosensors, temperature values different than
60 °C were employed in the literature as 35 °C (Doretti et al.
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Figure 4. The effect of temperature on the response of the biosensor
(at pH 8.0, 2.5 x 10 ® M ACh at a +0.4 V operating potential).
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2000) and 55°C (Sen et al. 2004). This was because the
used polymer and the type of the immobilization were
different.

Substrate concentration and calibration curves

The effect of the substrate concentration on the reaction
rate, catalyzed by immobilized enzymes, was studied by
using varying concentrations 1.0 x 107°-5.0 x 10" ®M ACh
(Figure 5). There was a the linear part in the region
between 1.0 x 1077-6.0 x 10°’M (R*=0.990) (Figure 6).
When compared with the literature (2.0 x 107*-
1.3x10*M and 1.2 x 10~ *-1.0 x 10~ M, respectively, for
Snejdarkova et al. 2004 and Kanik et al. 2013), biosensor is
sensitive to low ACh concentration. It has been shown that
the linearity of this graph is highly satisfactory and it can be
used for the quantitative determination of ACh.

The low detection limit of the biosensor was found to be
5.0 x 10~®M and response time for the biosensor was 200 s.
Because of the reasons that prepared ACh biosensor has
low detection limit and provide to work in low concentra-
tions, ACh determination can be made with a variety of
different samples with our biosensor. Ky, (app) and Imax(app)
values were found to be 1.007 x 10~* mM and 0.0157 LA,
respectively, from Lineweaver-Burk plot (Figure 7). The
K (app) value that showed the affinity of the biosensor was
1.007 x 10°* mM and the values, cited in the literature,

0.015 ¢
é 0012 -
2 0009 |
- y=0.011x + 0.007
g 0006 - R2 = 0.990
Sl
5 0003 -
&)

0 Il

0 0.1 0.2 0.3 0.4 0.5 0.6
ACh concentration (uM)

Figure 6. The calibration curve of the ACh biosensor (at pH 8.0,
25°C).
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Figure 7. The effect of ACh concentration on the amperometric
response of the biosensor (Lineweaver-Burk plot, at 0.1M, pH 8.0
phosphate buffer, 25°C, +0.4 V operating potential).
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Figure 8. Operational stability of the biosensor in pH 8.0 phosphate
buffer, at a +0.4 V operating potential, 25°C.

were 0.4 mM (Doretti et al. 2000), 1.74 mM (Sen et al. 2004)
and 3.5 mM (Li et al. 1999). PANI-PVS film, used in our
study, increased the affinity of enzymes to ACh. It can be
understood from the K,(pp) value which is lower than the
Kin(app) values in literature.

Operational stability of the Ach biosensor

In order to detect the operational stability of the prepared
enzyme electrode, the current changes, obtained after
subsequent usage, were plotted against the number of
measurements. At the end of 15 measurements, the initial
activity of the biosensor nearly unchanged. It had lost 0.5%
of its initial activity. The relative standard deviation,
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Figure 9. Storage stabilization of the biosensor pH 8.0 phosphate
buffer, at a +0.4 V operating potential, 25°C.

Table I. Effect of interferants on ACh biosensor.

Interfering Concentration ACh Interferences
substances M) concentration (M) (%)
Glucose 5.0 x 1073 4.0%x107° 2.01
Uric acid 3.0x107* 4.0x107° 12.2
Ascorbic acid 1.0x107* 4.0x107° 1.09
Paracetamol 1.0x107* 4.0%x107° 10.0
Cystine 6.5 x 107° 40x107° 8.0
Cysteine 1.0x107* 4.0x107° 0.05

obtained after 15 measurements at a constant ACh
concentration of 2.5x 10°% M, was found to be 4.43%
(Figure 8).

Storage stabilization of the enzyme electrode

One of the most important properties for the enzyme
electrode is the longevity of the electrode. Response of the
enzyme electrode, prepared under optimum conditions,
was measured for a period of 14 days at constant ACh
concentration (2.5 x 107° M). Results of 8 measurements
during this period were plotted in Figure 9. It was seen that
there was a decrease in current values between the first and
fourteenth days. The electrode showed 16.51% of the initial
amperometric response at the end of the 14 days.

Interference effects

Some common substances in serum were investigated with
Pt/PANI-PVS film for interfering effect on the analysis of
ACh. The response current for a constant concentration of
ACh (4.0 x 107> M) was compared with the current value,
obtained in the presence of the variable concentrations
of the interfering species. These interferants and their
concentrations were glucose (5.0 x 107°M), uric acid
(3.0 x 107*M), ascorbic acid (1.0 x 10”*M), paracetamol
(1.0 x107*M), cystine (6.5x107°M) and cysteine
(1.0 x 107*M). By diluting, the interference effects of
electroactive species can be eliminated (Cete et al. 2006,
Perez et al. 2003). After diluting 200-fold, the results
indicated that in the presence of glucose, uric acid,
ascorbic acid, paracetamol, cystine and cysteine, the
response current was increased by 0.05-12.2%, respectively
(Table I).

ACh determination in synthetic blood sample

A synthetic blood sample that contains body concentra-
tions of some interferants was prepared. These interferants
and their concentrations were glucose (5.0 x 1073M),
uric acid (3.0 x 107*M), ascorbic acid (1.0 x 10~*M),
paracetamol (1.0 x 10™* M), cystine (6.5x 10"°M) and
cysteine (1.0 x 107*M). ACh concentration was kept as
4.0 x 10°M. The synthetic blood sample was added in a
cell and diluted 200-fold. With using the calibration curve,
ACh amount was determined after 3 experiments as
(5.21£0.105) x 107> M.

Conclusion

In this study, we report a new AChE-ChO based ampero-
metric biosensor for the determination of ACh. AChE and
ChO were both immobilized onto a PANI-PVS film surface
by cross-linking with GA and BSA, for the first time. In this
study, prepared ACh biosensor has a low detection limit
and an acceptable response time for a biosensor. Because
of low interference effects of different interferants, ACh
determination can be made with this biosensor in a variety
of different samples. It was seen that the ACh biosensor was
selective and its operational stability was found to be
excellent. Thus, ACh determination can be made with our
ACh biosensor for many times. Our ACh biosensor is easy
to prepare and is highly cost-effective. PANI-PVS compo-
site can supply a biocompatible and electrochemical
microenvironment for immobilization of the enzyme,
making this material a good candidate for the fabrication
of highly sensitive and selective ACh biosensors.
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