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ABSTRACT

In this study, the use of three different crown ether-modified electrodes prepared by electropolymerization of
different crown ether compounds (CE1, CE2 and CE3) on multi-walled carbon nanotube (MWCNT) modified
glassy carbon electrode (GCE) surfaces was investigated for electrochemical dopamine determination. The number
of cycles during the electropolymerization of crown ethers and the pH of the buffer solution were optimized. Under
optimum conditions, the sensitivities of MWCNT-modified GCE and crown ether-MWCNT-modified electrodes
were determined in the range of 4.0x10° — 5.7x10* M dopamine. The sensitivity of MWCNT/GCE was found to
be 6.71 pA mM1, while the sensitivities of CEL/MWCNT/GCE, CE2/MWCNT/GCE and CE3/MWCNT/GCE
were 19.53, 16.32 and 20.80 A mM-1, respectively. The performance characteristics of the crown ether-MWCNT-
modified electrodes such as detection limit, quantification limit, reusability and reproducibility were also
investigated. The study showed that crown ether compounds significantly enhanced the electrochemical response
in dopamine determination.
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Dopaminin Elektrokimyasal Tayini i¢in Baz1 Ta¢ Eter Bilesiklerinin
Kullaniminin Arastirilmasi

Oz

Bu ¢aligmada ¢ok duvarli karbon nanotiip (MWCNT) modifiye edilmis camsi karbon elektrot (GCE) yiizeylerine
farkli tag eter bilesiklerinin (CE1, CE2 ve CE3) elektropolimerizasyonu ile hazirlanan ii¢ farkh tag eter-modifiye
elektrodun elektrokimyasal dopamin tayininde kullanimi arastirildi. Tag eterlerin elektropolimerizasyonu
sirasindaki dongl sayis1 ve calisilan tampon ¢ozelti pH’s1 optimize edildi. Optimum kosullarda, MWCNT
modifiye edilmis GCE ile tag eter-MWCNT-modifiye elektrotlarm 4,0x10° — 5,7x10* M dopamin derisimi
arahginda duyarliliklar1 belirlendi. MWCNT/GCE’nin  duyarlihg 6,71 pA mM™?T olarak bulunurken,
CEI/MWCNT/GCE, CE2/MWCNT/GCE ve CE3/MWCNT/GCE’nin duyarliliklar1 sirasiyla 19,53; 16,32 ve
20,80 pA mM? olarak belirlendi. Tag eter-modifiye elektrotlarin gozlenebilme siniri, tayin simiri, tekrar
kullanilabilirlik ve tekrar iiretilebilirlik gibi performans 6zellikleri de incelendi. Calisma, tag eter bilesiklerinin
dopamin tayininde elektrokimyasal cevabi 6nemli dlgiide arttirdigini ve dopamin tayinine olumlu yonde etki
ettigini gosterdi.

Anahtar Kelimeler: Tag eter, elektrokimyasal sensor, dopamin, modifiye elektrot, ¢ok duvarli karbon nanotiip
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. INTRODUCTION

Supramolecular chemistry is a field of interdisciplinary science that encompasses the chemical, physical
and biological characteristics of highly complex species that are bound and ordered through non-
covalent bonding interactions between molecules. Interactions such as enzyme binding to substrate or
signal transduction between cells are related to supramolecular chemistry [1]. It has progressed with the
discovery of several synthetic receptor molecules for the strongly and selectively binding of substrates
of organic, inorganic or biological structure through a variety of interactions [1]. In supramolecular
systems, intermolecular bonds are non-covalent interactions that consist of hydrogen bonds, mn-n
interactions, electrostatic interactions and host-guest interactions which give them unique properties
that differ from molecular chemistry based on covalent bonds [2].

Supramolecular chemistry begins with the discovery of crown ethers by Pedersen [1, 3-5]. Crown ethers
are cyclic compounds consisting of a ring with several ether groups [4, 6]. Crown ethers are among the
most widely used host compounds in supramolecular systems based on host-guest interactions [2, 7].
Having binding sites for guest molecules allows them to attract attention as hosts [8]. The ability of
crown ethers to form selective hydrogen bonds with a large number of molecules in their cavities results
in the formation of stable supramolecular complexes [9]. These features of crown ethers allow them to
form stable complexes with many biological components. Therefore, they act as selective hosts for
various biological species [10]. Crown ethers can form host-guest complexes with small organic
molecules that contain RNHs* groups, such as catecholamines, by hydrogen bonding [11, 12].

Dopamine (3,4-dihydroxyphenylethylamine), which plays an important role in the human nervous,
hormonal and renal systems, is one of the most important catecholamine neurotransmitters produced in
various regions of the brain [13-15]. It is involved in the regulation of cognitive functions such as
attention, memory and learning as well as emotions including pleasure, enthusiasm and motivation [16-
18]. High levels of dopamine in the human body lead to cardiological problems such as heart rhythm
irregularities, hypertension and heart failure. Dopamine deficiency causes Parkinson's disease,
Alzheimer's disease, depression and schizophrenia. [19, 20]. Therefore, rapid, reliable and sensitive
determination of dopamine is of critical concern. Dopamine has been determined by various methods
such as high-performance liquid chromatography [21], spectrophotometry [22], -capillary
electrophoresis [23], fluorimetry [24] and chemiluminescence [25]. Although traditional methods are
reliable, they are time-consuming, difficult and expensive [20, 26]. Electrochemical sensors have gained
attention for the determination of dopamine, due to their advantages of high sensitivity, selectivity, low
cost and fast response [14, 27, 28]. Electrochemical determination of dopamine is based on a redox
reaction involving two electrons/two protons [15, 29, 30]. However, dopamine is difficult to determine
with bare electrodes, especially since it coexists at very low concentrations in physiological fluids with
other small electroactive species such as ascorbic acid and uric acid, which are oxidized at similar
potentials. [16, 19, 28, 30]. To overcome these limitations, the determination of dopamine with modified
electrodes has gained importance [15, 28]. Carbon nanomaterials [14, 31], conductive polymers [32],
metal nanoparticles [33, 34], metal oxide nanoparticles [35, 36] have been utilized in electrode
modification for the determination of dopamine.

Carbon nanotubes (CNT) are used as modification materials in electrochemical sensors due to their
unique properties including high electrical and thermal conductivity, large surface area, chemical and
mechanical stability, biocompatibility and functionality [37-39]. CNT exert electrocatalytic effects on
the redox reactions of various electroactive biomolecules [38-40]. Multi-walled carbon nanotubes
(MWCNT) improve the performance of electrochemical sensors, including detection limit and
sensitivity, owing to their unique characteristics [41].

The utilization of crown ethers as electrode modification materials in electrochemical sensors for the
determination of various species has attracted much attention in recent years [42, 43]. For instance,
Rounaghi and co-workers modified a carbon paste electrode with a newly synthesized crown ether and
silver nanoparticles and used this modified electrode for the quantitative determination of 4-nitrophenol
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by cyclic voltammetry [44]. 4-carboxybenzo-18-crown-6 and 4-carboxybenzo-15-crown-5 modified
graphite-epoxy composite electrodes were developed by Serrano et al. These crown ether-modified
electrodes were used for the simultaneous determination of Cd(11), Pb(1l) and Cu(ll) by differential pulse
anodic stripping voltammetry [45]. Atta and coworkers developed an electrochemical sensor for the
determination of neurotransmitters by modifying the GCE surface with CNT, ionic liquid crystal and
18-crown-6. In the study, serotonin in blood serum was determined by differential pulse method [9].
Modifying the electrode surface with crown ethers in electrochemical sensors results in a decrease in
the detection limit of target analytes and an increase in selectivity [6]. The use of crown ethers as
electrode modification materials for the determination of dopamine is based on the formation of
complexes with hydrogen bonds between oxygen atoms in the crown ether ring and the amino group of
dopamine [46].

In this study, the surface of GCE was modified with MWCNT to increase the electrode surface area and
enhance the electron transfer property (MWCNT/GCE). In order to investigate the ability of crown ether
compounds to form a host-guest complex with dopamine as a recognition component, crown ethers were
electropolymerized on the surface of MWCNT/GCEs and three different crown ether-modified
electrodes, CE1/MWCNT/GCE, CE2/IMWCNT/GCE and CE3/MWCNT/GCE, were prepared. The
electrochemical responses of each crown ether-MWCNT-modified electrode to dopamine were
investigated and compared with the response of MWCNT/GCE. The performance characteristics of the
crown ether-modified electrodes such as sensitivity, limit of observability and reproducibility were
determined.

II. EXPERIMENTAL

A. CHEMICALS AND ELECTRODES

The nitropyridine-substituted benzo-15-crown-5 crown ether compounds used in the study were
synthesized and purified by Kogoglu et al. [47, 48]. Dopamine hydrochloride, chitosan, disodium
monohydrogenphosphate,  sodium  dihydrogenphosphate,  potassium  chloride,  potassium
hexacyanoferrate(l11), potassium hexacyanoferrate(ll) were obtained from Sigma-Aldrichand MWCNT
(outer diameter 10-20 nm and length 10-30 pm) from Cheap Tubes Inc. For electrochemical studies, a
three-electrode system consisting of a glassy carbon electrode (GCE) (3.0 mm diameter, ItalSens) as
working electrode, Ag/AgCI (IS-AG/AGCL.AQ.RE, ItalSens) as reference electrode and Pt wire (IS-
PT.W.CE, ItalSens) as counter electrode was used.

B. INSTRUMENTS AND MEASUREMENTS

Electrochemical measurements were performed using a PalmSens EmStat® (PalmSens BV, Netherlands)
electrochemical analyzer. Cyclic voltammetry (CV) studies were carried out in 5 mM [Fe(CN)e]*"*
solution containing 0.1 M KCI at a scan rate of 50 mV s between the potential of —0.40 and +0.80 V.
Differential pulse voltammetry (DPV) measurements were recorded between —0.20 and +0.80 V in 0.05
M phosphate buffer solution (PBS) at a scan rate of 50 mV s (instrument parameters: pulse potential
0.2 V and pulse duration 0.02 s). Amperometric measurements were conducted in 0.05 M PBS (pH 6.0)
at a potential of +0.25 V.

C. PREPARATION OF MODIFIED ELECTRODES
The structures of nitropyridine-substituted benzo-15-crown-5 crown ether compounds (CE1, CE2 and
CE3) used as modification materials for the preparation of electrochemical sensors in this study are

given in Figure 1. Glassy carbon electrode (GCE) surfaces were first modified with MWCNT to increase
the surface area and electron transfer, and then three different crown ether-modified electrodes were
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prepared by electropolymerization of crown ether compounds on the surface of these MWCNT-modified
electrodes.
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Figure 1. Structures of crown ether compounds used in electrode modification
The preparation steps of the modified electrodes were described as follows:

i. GCEs were polished with alumina solution and washed with distilled water before each use.
They were then ultrasonicated in ethyl alcohol and distilled water, respectively.

ii. 0.5 g of chitosan was dissolved in 50 mL of pH 4.0 acetate buffer to prepare chitosan
solution. 10 mg MWCNT was added into 1 mL chitosan solution and ultrasonicated for four
hours. 3 pL of the chitosan-MWCNT mixture was dropped onto the GCE surface and dried
at room temperature to obtain MWCNT/GCE.

iii. Solutions of 0.1 mM of the crown ether compounds were prepared in pH 6.0 0.05 M PBS.
The electropolymerization of crown ethers on MWCNT/GCE surfaces was carried out in
crown ether solutions by cyclic voltammetry at a potential range of —2.0 to +2.5 V with 5
cycles at 50 mV s! scan rate. The cyclic voltammograms recorded for the
electropolymerization of crown ethers on MWCNT/GCE surfaces are given in Figure 2.
The resulting crown ether-MWCNT-modified electrodes were designated as
CE1/MWCNT/GCE, CE2/MWCNT/GCE and CE3/MWCNT/GCE.
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Figure 2. Cyclic voltammograms for electropolymerization of (A) CE1, (B) CE2 and (C) CE3 on MWCNT/GCE
surface (in 0.05 M pH 6.0 PBS containing 0.1 mM crown ether)

I11. RESULTS AND DISCUSSION

A. OPTIMIZATION PARAMETERS

The number of cycles during electropolymerization affects the thickness of the polymer film [49, 50].
Thus, the effect of the number of cycles in electropolymerization of crown ethers on the electrochemical
response of the modified electrodes to dopamine was investigated. For this purpose, CE3 was
electropolymerized on the MWCNT/GCE by cyclic voltammetry using 3, 5 and 7 cycles. The response
of different CE3/MWCNT/GCEs fabricated at 3, 5 and 7 cycles to 3.0x10° M dopamine was recorded
by DPV (Figure 3). The highest peak current was obtained with the modified electrode prepared by
electropolymerization with 5 cycles. Since the thickness of the polymer film increased with the increase
in the number of cycles, it was considered that the electrical resistance of the electrode surface increased
and the transfer of electrons required for the oxidation of dopamine was blocked when the number of
cycles increased from 5 to 7 [49, 51]. Therefore, the cycle number of 5 was selected as optimum.

To determine the effect of pH on the electrochemical response of the crown ether-MWCNT-modified

electrodes to dopamine, five different PBS at a concentration of 0.05 M with pH ranging from 5.0 to 9.0
were prepared. Differential pulse voltammograms of CE1/MWCNT/GCE, CE2/MWCNT/GCE and
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CE3/MWCNT/GCE in each PBS containing 3.9x10°> M dopamine were recorded and shown in Figure
3B, 3C and 3D, respectively. All crown ether-MWCNT-modified electrodes gave the best response to
dopamine at pH 6.0 and this value was determined as the optimum.
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Figure 3. Differential pulse voltammograms recorded for (A) cycle number optimization for
electropolymerization of CE3 (in pH 6.0 PBS containing 3.0x10° M dopamine) and pH optimization for (B)
CE1/MWCNT/GCE, (C) CE2/MWCNT/GCE and (D) CE3/MWCNT/GCE (in PBS containing 3.9x105 M
dopamine)

B. ELECTROCHEMICAL CHARACTERIZATION

For electrochemical characterization of the prepared electrodes, cyclic voltammograms of (a) GCE, (b)
MWCNT/GCE, (c) CElJ/MWCNT/GCE, (d) CE2/MWCNT/GCE and (e) CE3/MWCNT/GCE were
recorded at a scan rate of 50 mV s between —0.4 V and +0.8 V in 5 mM of [Fe(CN)s]** solution
containing 0.1 M KCI (Figure 4A). The peak currents of the bare GCE (curve a) were very low compared
to the modified electrodes. The dramatic increase in the peak currents obtained with the MWCNT/GCE
(curve b) was attributed to the superior properties of MWCNT such as increasing the electrode surface
area and enhancing electron transfer. The decrease in peak currents recorded at all three crown ether-
MWCNT-modified electrodes (curve c, d and e) was considered to be due to the formation of an
insulating layer on the surface as a result of polymerization of crown ethers with large molecular
structure on the electrode surface. In addition, the decrease in the peak currents of these electrodes in a
similar manner was interpreted as successful electropolymerization of crown ethers.
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In order to determine the effect of modification of the crown ethers on the electrochemical behavior to
dopamine, differential pulse voltammograms of (a) MWCNT/GCE, (b) CEI/MWCNT/GCE, (c)
CE2/MWCNT/GCE and (d) CE3/MWCNT/GCE were recorded in pH 6.0 PBS containing 3.9x10° M
dopamine (Figure 4B). The electrochemical response of the crown ether-MWCNT-modified electrodes
to dopamine was found to be significantly higher than the MWCNT/GCE response at the same
concentration. The remarkable increase of the dopamine response may be attributed to the interaction
of the crown ether rings with dopamine and as a result, sensitive determination of dopamine with crown
ether-MWCNT-modified electrodes would be possible.
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Figure 4. (A) Cyclic voltammograms of (a) GCE, (b) MWCNT/GCE, (c) CEL/MWCNT/GCE, (d)
CE2/MWCNT/GCE and (e) CE3/MWCNT/GCE in 5 mM of [Fe(CN)g]3>* solution containing 0.1 M KClI (at a
scan rate of 50 mV s1), (B) Differential pulse voltammograms of (a) MWCNT/GCE, (b) CE1J/MWCNT/GCE, (c)
CE2/MWCNT/GCE and (d) CE3/MWCNT/GCE in pH 6.0 PBS containing 3.9x10> M dopamine (Inset:
differential pulse voltammogram for MWCNT/GCE)

In order to determine the effect of scan rate on the electrochemical response of each crown ether-
MWCNT-modified electrode to dopamine, cyclic voltammograms of CE1/MWCNT/GCE,
CE2/MWCNT/GCE and CE3/MWCNT/GCE were recorded in pH 6.0 PBS containing 1.2x10* M
dopamine by increasing the scan rate from 5 mV s to 250 mV s™ and the results are presented in Figure
5A, B and C, respectively. It was observed that the peak currents increased with increasing scan rate.
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Figure 5. Cyclic voltammograms for (A) CEL/MWCNT/GCE, (B) CE2/MWCNT/GCE and (C)
CE3/MWCNT/GCE at various scan rates (from 5 mV s to 250 mV s%) in pH 6.0 PBS containing 1.2x10* M
dopamine

The variation of peak currents with scan rate for CE1L/MWCNT/GCE (a), CE2/MWCNT/GCE (b) and

CE3/MWCNT/GCE (c) are given in Figure 6A. For all three crown ether-MWCNT-modified electrodes,
the peak currents increased linearly with scan rate. This indicated that electron transfer occurs at the
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electrode surface and the electron transfer mechanism is adsorption controlled. It was also found that
the logarithm of the peak currents versus the logarithm of the scan rates was linear (Figure 6B-a, b and
c). The slopes of log I, - log v plots for CEI/MWCNT/GCE, CE2/MWCNT/GCE and
CE3/MWCNT/GCE were 0.81, 0.82 and 0.78, respectively. The slopes close to 1.0 also contributed to
the conclusion that the systems were adsorption controlled [52, 53].
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Figure 6. (A) |, — v plots and (B) log I, — log v plots for (a) CEI/MWCNT/GCE, (b) CE2/MWCNT/GCE and (c)
CE3/MWCNT/GCE

C. PERFORMANCE PARAMETERS OF THE MODIFIED ELECTRODES

In order to determine the performance characteristics of the modified electrodes towards dopamine,
amperometric current responses of (a) MWCNT/GCE, (b) CEL/MWCNT/GCE, (c) CE2/IMWCNT/GCE
and (d) CE3/MWCNT/GCE were recorded for successive dopamine additions between 4.0x10° and
5.7x10“ M at a potential of +0.25 V in 0.05 M pH 6.0 PBS (Figure 7). Since the oxidation peak of
dopamine was observed around +0.25 V with each crown ether-MWCNT-modified electrode at pH 6.0
(Figure 4B), the working potential for amperometric studies was chosen to be +0.25 V. The
amperometric current responses of each modified electrode versus dopamine concentration are plotted
and given in Figure 8 for (A) MWCNT/GCE, (B) CEL/MWCNT/GCE, (C) CE2/IMWCNT/GCE and (D)
CE3/MWCNT/GCE. In the same dopamine concentration range, the sensitivities of MWCNT/GCE,
CE1/MWCNT/GCE, CE2/IMWCNT/GCE and CE3/MWCNT/GCE were determined as 6.71, 19.53,
16.32 and 20.80 pA mM?, respectively. The sensitivities of the crown ether-MWCNT-modified
electrodes were found to be about three times higher than the sensitivity of MWCNT/GCE. This was
attributed to the positive effect of crown ethers on dopamine determination due to the unique cavity size
of crown ethers. This cavity structure acts as a host, the amino groups of dopamine molecules bind well
to the oxygen molecules in these cavities as guests with hydrogen bonds and stable host-guest complexes
are formed [9, 46]. It was also found that different crown ether compounds have different responses to
dopamine. It was considered that the difference of the side groups attached to the crown ether
compounds may have positive or negative effects on the determination of dopamine for various factors
such as electrostatic effect or steric effect in the interaction of crown ethers with dopamine. Therefore,
it was concluded that this is a subject that could shed light on further studies and is worthy of further
investigation.
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Figure 8. Calibration plots for (A) MWCNT/GCE, (B) CEL/MWCNT/GCE, (C) CE2/MWCNT/GCE and (D)
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The limit of detection (LOD) and limit of quantification (LOQ) of the crown ether-MWCNT-modified
electrodes were determined using the standard deviation (s) of the intercept and the slope (m) of the
calibration plot. Using the equations LOD=3s/m and LOQ=10s/m, these values were calculated for each
crown ether-MWCNT-modified electrode and given in Table 1. To determine the reusability (RU) of
the crown ether-MWCNT-maodified electrodes, three consecutive calibration plots were generated with
the same modified electrode and the relative standard deviation (RSD) of the sensitivities was calculated.
In addition, the reproducibility (RP) of the electrodes was determined by preparing three electrodes
under the same conditions and calculating the RSD of the sensitivities obtained from the calibration
graphs. The RU and RP of each crown ether-MWCNT-modified electrode are presented in Table 1. The
reusability and reproducibility of the crown ether-MWCNT-modified electrodes were found to be quite
good.

Table 1. Performance characteristics of crown ether-MWCNT-modified electrodes

Electrode Linear Range Sensitivity LOD LOQ RU RP

(M) (LA mM?1) (M) (M) (RSD%) (RSD%)
CE1/MWCNT/GCE 4.0x10°—5.7x10* 19.53 2.1x10° 7.1x10° 5.7 0.6
CE2/MWCNT/GCE 4.0x10%—5.7x10* 16.32 2.4x10° 8.1x10° 1.1 4.3
CE3/MWCNT/GCE 4.0x10%—5.7x10* 20.80 1.7x10% 5.8x10° 3.1 0.9

V. CONCLUSION

In this study, the GCE surface was modified with MWCNT and the electropolymerization of three
different crown ether compounds (CE1, CE2 and CE3) on MWCNT/GCE surface was carried out to
investigate the usability of CEL/MWCNT/GCE, CE2/MWCNT/GCE and CE3/MWCNT/GCE for
dopamine determination. The use of MWCNT as a modification material aims to increase the surface
area and improve the electrical conductivity of bare GCE. The purpose of using crown ethers in electrode
modification is based on their ability to form stable host-guest complexes by selective hydrogen bonding
with small molecules such as catecholamines in the cavities in their structure. The electrochemical
responses of the crown ether-MWCNT-modified electrodes to dopamine, which is a catecholamine with
an amino group, were investigated and compared with the response of MWCNT/GCE to determine the
advantage of the crown ethers as discussed. Crown ethers were found to enhance the electrochemical
response to dopamine quite significantly. The performance characteristics of each crown ether-
MWCNT-modified electrode including sensitivity, detection limit, reusability and reproducibility were
investigated and the best results for sensitivity and LOD were obtained with CE3/MWCNT/GCE. The
effects of different crown ether compounds and side groups attached to the crown ether ring on the
electrochemical response are considered to be investigated in further studies.
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