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The development of inexpensive and simple analytical tools is of practical significance for biological
sample analysis. This work developed a simple and cost-effective electrochemical sensor that was
covered with filter paper and modified by multi-walled carbon nanotubes (MWCNTS) for selective and
sensitive dopamine (DA) detection in animal tissue extracts. We extracted animal tissue samples with
an acidified n-butanol (1 ml/g) homogenate in an ice bath suitable for electrochemical detection. A DA
response is received at a very low potential (0.43 V vs. Ag/AgCl) and is not affected by noradrenaline
(NE) or 5-hydroxytryptamine (5-HT). We also investigated the correlation between analytical signals
and the amount of assembled MWCNTSs, as well as with the electrode area. The amperometric reaction
to DA is found to be linear in a concentration range of 2.5x10® M to 1x10° M, with a 5 nM detection
limit (signal-to-noise ratio of 3) under optimized experimental conditions. The method was further
applied to quantify DA in the brain and tendon tissues of rats. The new method proposed is inexpensive,
simple, and rapid compared to those of other conventional methods. It is pertinent to note that the sensor
is a disposable, single-use sensor; thus, for every experiment, the electrode is prepared “as new”. We
presume that this approach is an effective mode for quantifying DA, which has great potential for future
diagnostics of DA-related diseases.
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1. INTRODUCTION

Dopamine (DA), as a significant neurotransmitter, plays a crucial role in the central nervous
system, along with the hormonal, cardiovascular, and renal systems [1]. Normally, the dopamine level
in blood is very low and in the range of 0.01 to 1.0 pmol/L [2]. Increased concentrations of DA lead to
numerous diseases, such as Huntington's disease, Alzheimer’s disease, HIV infection, and Parkinson's
disease [3-6], where dopamine activity is found to be lower than that in healthy individuals [7]. Hence,
an accurate determination of DA has immense implications in the monitoring and diagnosis of disease.
The conventional methods for the determination of DA include electrochemistry [8], chromatography
[9], and enzymatic methods [10]. However, most of these methods require expensive instruments with
time-consuming and tedious experimental steps, and sometimes the measurement results are
inconsistent. Although a fluorescence (FL) probe method has been used by Zhou [11] and He [12] for
the detection of DA, it was only capable of solving these problems to a certain extent. In the actual
analysis, Zhou disclosed that it was difficult to acquire exact FL intensities because of the fluctuations
in the reagent concentration and the inherent background FL. He developed a ratio-metric FL probe that
used visual FL with naked-eye image recognition in DA analysis. The result was found to be subjective
and difficult to apply for quantitative analysis.

In recent years, micro- and disposable analytical devices with excellent sensing capability have
been developed for the detection of small molecules in biological samples [13-15]. Different from
traditional electrochemical methods, the equipment mentioned above provides a powerful platform for
analysis with the ability to reduce reagent consumption, analyse small sample sizes and reduce the
processing time. Similar to our previous studies [16-18], indium tin oxide (ITO) was utilized as a
substrate for the manufacture of disposable sensors because of its wide potential window, stable
electrochemical performance, mass production and low cost.

A paper-based electrochemical sensor is described here that is used for the detection of DA and
its quantification in the brain and tendon tissues of rats. The substrate electrode consisted of ITO and
was modified by carboxylic multi-walled carbon nanotubes (MWCNTS). The detection of DA can reach
a low of 5 nM with the use of a MWCNT/ITO coupled electrode as a paper-enabled analytical device
for electrochemical sensing. This strategy is helpful in the bulk production of reproducible, cheap, and
simple electrodes. Thus, the ease of handling and manipulation of the corresponding device, along with
its miniaturization and disposable manner, can be improved in this way.

2. EXPERIMENTAL

2.1 Materials and reagents

From Sigma Aldrich (St Louis, MO, USA), we purchased the neurotransmitters DA, NE and 5-
HT at analytical grade. From Nanbo Display Technology Co. Ltd. (Shenzhen, China), ITO conductive
glass (355.6 x 406.4 x 1.1 mm STN, 10 Q/cm?) was purchased. Whatman No. 1 (Whatman grade 1
chromatographic paper) was purchased from Whatman International Ltd. (Maidstone, United Kingdom).
The dispersion of 20.0 wt.%o carboxylic MWCNTS (purity >95%, length: 0.5-2 um, outer diameter > 50
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nm) was obtained from Nanjing Xianfeng Nanomaterials Technology Co. Ltd. (Nanjing, China). An
ITO chip was modified using MWCNTSs diluted to 0.45 wt.%.. Different pH values of phosphate buffers
(0.1 M) were made from NaH2PO4 and Na2HPOa4 with their pH value adjusted by 0.1 M NaOH or H3POsu.
Solutions of 5-HT, NE, and DA were made fresh daily with deoxygenated phosphate buffer solutions as
a supporting buffer and diluted to the required concentration. Sprague-Dawley male rats (weight: 180—
220 g, one month old) came from Nantong University Experimental Animal Center (Nantong, China).
All solutions were prepared in double-distilled water (electrical resistivity was 18.0 MQ cm).

2.2 Design and fabrication of the disposable electrode

With the intent to ensure sensor reproducibility (with a resistance value of 9.6-10.2 Q/cm?), a
four-point probe technique (RTS-8) was applied to test the ITO chips for their electrical conductivity.
To build the disposable electrodes, the ITO was cut into pieces of 20 mmx10 mm and ultrasonically
cleaned with acetone, absolute ethanol and ultrapure water for 5 min, sequentially. Nitrogen gas was
used for the drying process.
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Scheme 1. (A) Step-by-step fabrication process of analytical devices and disposable electrodes. a A hole
with diameter of 4 mm was drilled into plastic tape and then attached on the ITO chip. b 9 mi
MWNTs were dripped on the 4 mm diameter of conductive zone and dried with nitrogen gas. c
DA in phosphate buffer (pH 6.0, 10 uL) was dropped on the hole. D Cover the hole with a 6 mm
long, 6 mm wide filter paper. The three-electrode electrochemical detection system: The PT and
Ag/AgCl wires were integrated with ITO chip and PDMS cover. (B) Adding prepared brain tissue
to precooled acidified n-butanol. B 5 min vortex oscillated. ¢ centrifuged at 3 000 rpm for 5 min.

The manufacturing of the disposable electrode is detailed in Scheme 1 A (a) and (b). A hole with
a diameter of 4 mm was drilled into plastic tape and then attached to the ITO chip, which provided the
same electrode area for the disposable electrode used in the electrochemical experiments. 9 uL of
MWCNTs (0.45 wt.%0) was dripped on a conductive zone of ITO glass that was 4 mm in diameter and
then dried with nitrogen gas at room temperature for 15 min, completing the modification. These
experimental conditions were detailed in our previous report [18], and some improvements were made
(Fig. S1).
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2.3 Electrochemical measurements

Electrochemical experiments were conducted at room temperature on a CHI1230B
electrochemical workstation (CH Instruments Co., China). Scheme 1 A (c) to (e) illustrates the
equipment integration and sample analysis process. The three-electrode system consists of ITO glass
modified by MWCNTSs as the working electrode, Ag/AgCl (4.8 cm long) as the reference electrode and
platinum wire (4.8 cm long) as the auxiliary electrode. Before the three-electrode system was covered
by PDMS and then formed as a paper-based analytical device, the sample (10 uL) was added to the
electrode area, and filter paper (6 mmx6 mm) was placed on the electrode area. A thin-layer
electrochemical cell was constructed using a piece of filter paper due to its porous structure. The
working, counter and reference electrodes were electrically connected by the solution on the filter paper
for electrochemical detection. The scanning electron microscopy (SEM) image was obtained with a
JSM-6510 scanning electron microscope (JEOL Ltd., Japan) at an accelerating voltage of 5 kV.

2.4 Preparation of real samples

The real samples were taken from the brain and tendon tissues of rats. Scheme 1 B (a) to (c)
illustrates the preparation process of rat brain tissue dispersions. After being anaesthetized with chloral
hydrate (10%, 0.3 ml/100 g), the brain tissue was quickly removed and washed with precooled PBS 3
times, dried with filter paper, added to a precooled acidified n-butanol (1 ml/g) homogenate in an ice
bath, vortexed for 5 min, and centrifuged for 5 min at 3000 rpm. The supernatants were obtained as an
original rat brain grinding fluid containing NE, DA and 5-HT. As shown in Scheme 1 B (c), a 0.45 um
film was used to filter the supernatant, and then a phosphate buffer was used to dilute it (with the pH
adjusted to 6.0) for the electrochemical assays. Then, the diluted supernatant was directly added (10 pL)
as a droplet on the ITO surface and immediately scanned electrochemically by differential pulse
voltammogram (DPV) and cyclic voltammogram (CV) methods. The tendon tissue was obtained from
the Achilles tendon of the rat, and the method of making the sample was the same as that of the brain
tissue.

3. RESULTS AND DISCUSSION

3.1 Characterization of the MWNTSs/ITO

One of the important factors affecting the electrochemical response is the surface of the electrode.
During the process of electrode preparation, we performed SEM to explore the difference between ITO
and MWCNT/ITO. The SEM images of ITO and MWCNT/ITO are shown in Fig. 1. Obviously, the
surface of ITO was smooth (Fig. 1A). On the MWCNT/ITO electrode surface, MWCNTSs were
uniformly distributed on the surface and existed in a single tube or small bundle form (Fig. 1B) These
porous structures were favorable for the application of electrochemical analysis because their
tridimensional structure not only increased the effective specific surface area of the electrode but also
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acted as conduction channels for the rapid transmission of electrons and ions. The above may facilitate
the effective transfer of electrons between the electrode and the substrate.

Cyclic voltammetry was utilized to measure the effective specific surface area at different
scanning rates using ferric cyanide as a redox probe. As shown in Fig. S2, as the scanning rate increased
from 30 to 400 mV/s, the peak potential slightly shifted, indicating some kinetic limitations [19]. In
addition, the peak current linearly increased with the square root of the scan rate, indicating that the
diffusion was controllable and that the process was reversible. The linear equation was Ipa(A) = 3.96 x
1075 v¥2-1.19 x 10* (R? = 0.9974). We calculated the effective electrode area based on the Randles-
Sevcik equation [20]:

1)=2.69x10°ADY2n?3yY2C,

where A is the effective working area of the MWCNT/ITO electrode, C is the concentration of
the redox probe, v is the scan rate, D is the diffusion coefficient, and n is the number of electrons
exchanged during the reaction.

A '
||||||||||||||||||||||

$4800 15.0kV 6.4mm x20.0k SE(U) 2.00um | S4800 15.0kV 6.3mm x50.0k SE(U)

Figure 1. FE-SEM showed the ITO image (A) and MWNTSs/ITO image (B)

From the slope of Ipa versus v Y2, it was found that the MWCNT/ITO electrode effective area
was 168.71 mm?, which is 13.43 times as much as that of the bare 1TO electrode (12.56 mm?) and much
larger than that of MWCNT/NF/ITO (19.63 mm?) [21] electrodes. This meant that the tridimensional
structure of MWCNTS increased the active surface area of the working electrode. In comparison to
conventional methods, the proposed method is simple, rapid and inexpensive.

3.2 Electrochemical behavior of DA at MWNTSs/ITO

CV was used to investigate the electrochemical behavior of DA with the MWCNT/ITO electrode.
As shown in Fig. 2, we compared the cyclic voltammograms for DA oxidation with different electrodes.
No electrocatalytic oxidation peak was observed with the ITO and MWCNT/ITO electrodes when DA
was absent in pH 6.0 phosphate buffer (Fig. 2A). The current of the MWCNT/ITO electrode was found
to be higher in the presence of 1 mM DA than that with a bare ITO electrode, and large shifts were
noticed in the peak potentials (Fig. 2B).
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Figure 2. (A) Cyclic voltammograms were utilized to investigate the DA electrochemical behavior at
different electrodes in pH 6.0 phosphate buffer.(ITO: a; MWNTSs/ITO: b) (B) In the presence of
I mM DA, the current at MWNTS/ITO was found to be higher than at bare ITO. (50 mV s ccan
rate; ITO: a; MWNTS/ITO: b)

This result indicates that higher numbers of MWCNTS in solution would provide wider surface
area for efficient DA binding [22]. It should be noted that the redox peaks having a 0.34 V separation
appeared in a well-defined manner on the MWCNT/ITO electrode (Fig. 2B a), illustrating that the DA
reversibility was superior to that of the bare ITO electrode (AE=365 mV). This paired redox peak
corresponded to a two-electron oxidation of DA to dopamine quinone, eventually reducing the dopamine
quinone into DA [23].
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Figure 3. (A) The CVs of MWNTS/ITO electrode in 1 mM DA in different scan rates. (a — g: 50 - 350
mV s, 50 mV s for an interval). (B) Plot of peak current vs. Scan rate'/?.

A controlling step in the oxidation of DA is indirectly shown by the relationship between the
redox currents and the scan rates. The CV presence of the MWCNT/ITO electrode in 1 mM DA with
scan rates ranging from 50 to 350 mV s ! is expressed in Fig. 3. The anodic peaks were observed to shift
in the positive direction, whereas the peaks of the cathode tended to slightly shift in the negative
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direction, thereby indicating a quasi-reversible electrode reaction for DA. Both the cathodic and anodic
peaks change currents with the increase in scan rates, indicating a linear correlation with the square root
of the scan rates (Fig. 3B). The linear equations of the square root vs. the peak current are depicted as
Ipa (nA) = 7.49 x 1076 v12-1,79 x 1075 (R? = 0.9950), for the anodic peak currents, and Ipc (nA) =-7.92
x 107° v2 +3.33 x 10—-5 (R? = 0.9939), for the cathodic peak currents. This finding indicates that the
redox of DA at the MWCNT/ITO electrode is a typical diffusion-controlled process, which is consistent
with the observations of the dopamine oxidation and reduction process with MWCNTs by N. G.
Tsierkezos [24] and Q. M. Feng [21].

3.3 Effects of the solution pH

The influence of the solution pH on the peak potentials and peak currents of DA oxidation was
investigated by DPV with a pH range of 4.0 to 8.0 (Fig. 4). It was found that the current intensity and
peak potential depend significantly on the pH range from 4.0 to 8.0, indicating the role of protons in the
DA oxidation process. This was the result of de-protonation steps involved in all oxidation processes,
which could be easily carried out at higher pH values. Since the DA charging state and the H* strength
vary with pH difference, the peak potentials turn into negative values when the solution pH increases.
The peak potential of DA as a function of the solution pH with its linear regression equation is shown in
Fig. 4B and can be expressed as follows:

Epa (DA) = —0.05804pH + 0.7805 (R? = 0.9980)

The linear pH dependence is shown by the formal potential, with a slope (58.04 mV pH?) near
that of the Nernst system (59 mV/pH at 25 ° C); The above results confirm equal amounts of protons
and electrons are involved in the electrode reaction, which is in agreement with the previously reported
mechanism of DA oxidation [25,26].
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Figure 4. (A) Plots of Ipa vs. pH. (B) Plots of E vs. pH (n=3).

It is evident from Fig. 4A that the oxidation peak current for DA was observed to increase up to
pH 8.0 as deprotonation did not occur at a solution pH<8.0. A PBS pH of 6.0 was identified for the
analysis in view of the separation effect and detection sensitivity.
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3.4 Detection of DA at the disposable electrode

A differential pulse voltammogram with low detection and a highly sensitive electrochemical
approach was applied to determine the properties of the sensor on the oxidation of DA under optimum
conditions. The DPV curves with different concentrations of DA at the MWCNT/ITO electrode are
shown in Fig. 5A. With increasing DA concentration, the peak current significantly increased. In a wide
range (2.5 x 1078 to 1073 M), the oxidation peak currents of DA are proportional to its concentration.
The linear equation was Ip(nA) = 0.37256Cpa(uM) + 2.2707 x 1073(R? = 0.9948) (Fig. 5B). The

detection limit was estimated to be 5 nM.

Table 1. Summary of comparison on the performance between the electrochemical detection of DA
and electrodes modified by other materials

Electrode Technique | Linear LOD(uM) | Electrolyte | Interferents | Refer
range(uM) ence
GR-CS/GCE DPV 0.03-20.06 | 0.0045 PBS(7.0) AA, UA [20]
MWCNTSs/NF/ITO DPV 0.01-1 0.01 PBS(7.4) - [21]
MXene/DNA/PA/Pt/GCE | DPV 0.2-1000 0.03 PBS(7.0) AA, UA Glu | [22]
MWCNT-BZ DPV 0.17-3 0.03 PBS(7.0) — [24]
ITO LSV 0.001-0.1 | 0.001 Tris - [25]
buffer(9.5)
rGO-CNT/ITO DPV 0.8-8 0.04 PBS(7.0) AA, UA, [27]
Au/AGR/IMWCNT CV,SWvV |1.0-210 0.08 PBS(7) AA UA FA | [28]
PEDOQOT /ITO DPV 1-50 6.77 PBS(7.4) AA [29]
Tyrosinase/NiO/ITO cVv 2-100 0.06 PBS(6.5) AA UA [30]
DyHCF/fMWCNTs/GCE | DPV 3-289 - PBS(7) AA, UA [31]
AuNP/Pd SWV 0.5-1000 0.008 PBS(7.2) UA, 5-HT [32]
ITO-PDA-AUNP DPV 4-200 0.06 PBS(7.0) AA [34]
MWNTSs/ITO DPV 0.025-10 0.005 PBS(6.0) NE, 5-HT This
work

BZ benzene; GCE glassy carbon electrode; GR graphite; CS chitosan; PDA Polydopamine; AuNPs
gold nanoparticles; NF Nafion; rGO reduced graphene oxide; CNT carbon nanotube; AGR activated
graphene; PEDOT poly (3, 4 ethylenedioxythiophene); NiO Nickel oxide; DyHCF dysprosium

hexacyanoferrate
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Figure 5 (A) DPV curve of DA in different concentrations of pH 6.0 PBS.(a—h: 0, 0.025, 0.1, 0.5, 1,
2.5, 5, 7.5 and 10 uM) (B) Plot of the peak current against DA concentration (n=3).

The major performance of the sensor in DA detection was comparable with that of several other
sensors (Table 1). The comparison shows that the detection limit is lower and the linear range is wider
than those of other sensors. However, the detection limit is not the best. A wide linear range and a low
detection limit are helpful in developing further applications in real sample analysis. Moreover, it could
be seen that other sensors were engaged to detect blood samples that were treated or injected, while
modified sensors were first used for monitoring the brain tissue of rats.

These results confirmed the efficiency of MWCNT/ITO as a media for a less electrocatalysing
approach of DA analysis. In addition, it should be noted that every electrode used in this work was used
just once, and all experimental data were an average of the obtained results from three different
electrodes. Therefore, electrode fouling, which is commonly encountered with conventional solid
electrodes for the oxidation of DA, can be evaluated. The reproducibility of the sensor was of great
importance to the characteristics of its one-time use. Under the same experimental conditions, the
relative standard deviation of 50 uM DA was approximately 8.26%, which indicated that the method has
good reproducibility.

3.5 Real sample analysis and interferences

The as-prepared electrode was utilized to determine DA in rat brain and tendon tissue samples
with an intent to evaluate the feasibility of the MWCNT/ITO electrode in real sample analysis. The DPV
was enumerated from -0.5 to 0.7 V at a 100 mV/s scan rate. As shown in Fig. 6A, a curve was obtained
with 100 pL of initial rat brain grinding liquid that was diluted to 400 pL. with a buffer solution. The
oxidation peaks of DA can be observed. As different volumes of DA (5x107 M, 10% M, 2.5x10° M,
4x10° M, 5x10° M) were added to the diluted brain tissue sample, the standard curve for real samples
could be observed (Fig. 6A inset). The linear equation is Ip (uA) = 0.3745Cpa(M) +3.0334x107 (R =
0.99602). This suggests that DA levels in brain tissue can be accurately detected, and the electrode can
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provide a detection basis for the dopamine changes in real samples caused by disease or environmental
changes.
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Figure 6. (A) DPV curves of different volumes of DA(0 M, 5x107 M, 10 M, 2.5x10° M, 4x10° M,
5x10% M) was added to the diluted brain tissue sample(PH=6.0), Inset: Plot of the peak current
against the DA concentration. (B) DPV curves of diluted tendon tissue sample (PH=6.0) (a).
DPV curves of different volumes of 5 uM NE (b), 5 uM 5-HT (c) were added to the diluted brain
tissue sample3 (PH=6.0) (n=3).

Subsequently, the simultaneous electrochemical detection of 5-HT, DA and NE was examined
by using DPV. Fig. 6B shows the DPV curve of the diluted tendon tissue sample (a) and the DPV curves
of the MWCNT/ITO electrode in the diluted brain tissue sample containing 5 uM NE (b) and 5 uM 5-
HT (c). The oxidation of 5-HT, DA and NE with the MWCNT/ITO electrode can be identified, and three
oxidation current peaks of DPV are attributed to the oxidation of 5-HT (0.32 V), DA (0.43 V) and NE
(0.52 V). This result indicates that the MWCNT/ITO electrode can simultaneously detect NE, 5-HT and
DA at relatively low concentrations using DPV.

In addition, Fig. 6B shows that a low-concentration (5 pM) of NE and 5-HT is maintained in the
background and is unchangeable; in contrast, the concentration of DA remains constant at 0.2 pM.
Therefore, the peak current of DA was influenced, but the result was less than +5%, which was within
the error allowed. As reported, the basal DA concentration is very low (110.33+10.56 ng-g™), while the
concentration of NE and 5-HT is much lower (70.05+6.28 ng-g* and 50.12+6.85 ng-g™) in the rat brain
[35]. Hence, in actual detection, the effects would be small. Compared with Feng [21], our method
effectively eliminates the interference of a low concentration of NE and 5-HT in real samples for DA
detection. The results demonstrated that MWCNT/ITO showed impressive anti-interference capability
in the case of the concurrent determination of DA in a complex sample.

4. CONCLUSIONS

During the study, an innovative and ingeniously developed modified disposable electrode was
successfully applied for determining DA in detection samples. The modified electrode yielded the



Int. J. Electrochem. Sci., Vol. 15, 2020 147

effective separation of DA, NE and 5-HT oxidation peaks. The newly developed sensor incorporated the
benefits of MWCNT/ITO, providing an innovative method for the continuous determination of DA in
actual samples with high stability, selectivity, and sensitivity. As ITO is low cost and reproducible, it
provides an incredibly easy approach for clinical diagnosis on the spot. The materials can be
conveniently assembled into sensing devices with portable chips appropriate for handling by unskilled
staff or assembled into a portable chip sensor device that is suitable for non-technical users.
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