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A B S T R A C T

Dopamine (DA), an organic chemical neurotransmitter in the human brain, plays important roles in neuronal
reward, motor control, and decision making. Thus, accurate quantification of DA concentration is essential for
the investigation of various dopaminergic neural circuits and diagnosis of neurological diseases. Herein, we
report an overoxidized polypyrrole/sodium dodecyl sulfate (SDS)-modified multi-walled carbon nanotube
(OPPy/SDS-CNT) electrode which allows detection of DA with high resolution and selectivity. By using SDS as a
dopant and sodium hydroxide (NaOH) as an oxidizing agent, highly sensitive detection of DA down to 5 nM with
a detection limit of 136 pM is achieved. Moreover, due to the strong electrostatic interaction between the ne-
gatively-charged electrode and the positively-charged DA molecules, selective electrochemical detection of DA is
successfully demonstrated in the presence of ascorbic acid (AA) and glucose (Glc). Lastly, by demonstrating in
vitro detection of DA secreted from dopaminergic cells (PC12 cells) and examining biocompatibility of the
electrode, we show the potential of our OPPy/SDS-CNT electrode as a promising candidate for a functional
neural interface for in vitro and in vivo monitoring of DA concentrations.

1. Introduction

Dopamine (DA), a catecholamine, is an important neurotransmitter
that is involved in multiple neural pathways in our central nerve system
[1]. Dysregulation and deficiency of DA are often observed in a number
of pathological conditions, such as Parkinson's disease, attention deficit
hyperactivity disorder (ADHD), Huntington's disease, depression, and
schizophrenia [2–4]. Thus, accurate quantification of DA concentration
is of great significance in the clinical diagnosis, prognosis, and treat-
ment of neurological disorders [3,5]. Since the basal concentration of
DA in the extracellular fluid of brain is low in concentration (i.e.,
5–60 nM), high-performance analyzers with high sensitivity such as
fluorescence microscopy, high-performance liquid chromatography,
and spectrophotometry are often employed for quantification of neu-
rotransmitters [6]. However, these methods are often expensive and
require sophisticated equipment and long pretreatment steps.

Common detection methods for neurotransmitters suitable for low-
cost miniaturized platforms include immunoassay and electro-
chemistry. Detection based on immunoassay exhibits high sensitivity
and high selectivity due to strong affinities between analytes and re-
ceptors. However, immunoassay-based detection is often irreversible
and requires several hours due to analyte incubation process [7]. In
contrary, a biosensor based on electrochemical detection offers easy
operation, cost-effectiveness, robustness, and real-time monitoring
[8–10]. Specifically, electrochemistry technique provides sub-seconds
measurements of redox signals and thus is suitable for the detection of
DA released in milliseconds [11,12]. However, due to the similar
window of oxidation potentials of neurotransmitters, electrochemical
sensors often suffer from low selectivity. Therefore, it is still a challenge
to develop a low-cost biosensor that is sufficiently sensitive and selec-
tive for real-time detection of low concentrations of DA.

One approach to enhance selectivity for electrochemical detection

https://doi.org/10.1016/j.jelechem.2019.113295
Received 30 May 2019; Received in revised form 8 July 2019; Accepted 9 July 2019

⁎ Corresponding author.
E-mail address: hyunjoo.lee@kaist.ac.kr (H.J. Lee).

1 These authors contributed equally.

Journal of Electroanalytical Chemistry 848 (2019) 113295

Available online 10 July 2019
1572-6657/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15726657
https://www.elsevier.com/locate/jelechem
https://doi.org/10.1016/j.jelechem.2019.113295
https://doi.org/10.1016/j.jelechem.2019.113295
mailto:hyunjoo.lee@kaist.ac.kr
https://doi.org/10.1016/j.jelechem.2019.113295
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2019.113295&domain=pdf


of electropositive neurotransmitters is to use overoxidation of con-
ductive polymer to endow electronegativity. For instance, when poly-
pyrrole (PPy), a conductive polymer, is overoxidized, electronegative
groups (eCOOH, eC(]O)e) are formed on the PPy backbone, which
attracts the electropositive groups of DA and significantly enhances the
sensitivity [13,14]. Among numerous conducting polymers, PPy has
been widely utilized in the detection of DA because an amine group on
pyrrole ring induces the enhancement of biomolecular sensing [15]. In
addition, PPy exhibits good conductivity, biocompatibility, redox
properties, and environmental stability [16–18]. In conjunction with a
conductive polymer, carbon nanotubes (CNTs) are often used due to its
large surface areas (700–1000 m2/g), high conductance, low im-
pedance, and high charge transfer characteristics [15,19–22].

Thus, in this work, we developed an electrochemical biosensor
based on a composite of overoxidized PPy (OPPy) and carbon nanotube
(CNT) for selective and sensitive detection of DA. In contrast to other
works on PPy/CNT modified electrodes, we further enhanced sensi-
tivity by using sodium hydroxide (NaOH) as an oxidizing agent for
overoxidation and enhanced selectivity by using sodium dodecyl sulfate
(SDS) as a dopant. Using this protocol, we achieved a limit of detection
(LOD) of 136 pM and demonstrated successful detection of DA in the
presence of interferences such as ascorbic acid (AA) and glucose (Glc).
Sensitive and selective sensing is attributed to strong electrostatic in-
teraction between the negatively-charged OPPy/SDS-CNT electrode
and the positively-charged DA molecules. Moreover, our OPPy/SDS-
CNT electrode successfully measured DA released from dopaminergic
cells (PC12 cells) in real time. Based on high sensitivity, selectivity, and
biocompatibility, our proposed strategy for preparing OPPy/SDS-CNT
electrode is a promising surface modification method for functional
neural interfaces for in vivo monitoring of endogenous DA concentra-
tion.

2. Material and methods

2.1. Reagents and materials

Sodium hydroxide (NaOH, Reagent grade) and sodium dodecyl
sulfate (SDS, BioReagent) were purchased from Sigma-Aldrich. Multi-
walled carbon nanotubes (MWCNTs, purity ≥95 wt%, average dia-
meter 20 nM, 20–100 μm, bulk density 0.04–0.06 g/cm3) were pur-
chased from CNT Co. (Republic of Korea). Pyrrole solution (Reagent
grade), potassium ferricyanide (99%), and potassium ferrocyanide (ACS
Reagent), dopamine hydrochloride (DA), L-ascorbic acid (AA, Reagent
grade), sodium chloride (NaCl, ReagentPlus®), dimethyl sulfoxide
(DMSO, Anhydrous) were purchased from Sigma-Aldrich. D(+)-glucose
(Glc, ACS Reagent) was purchased from ACROS Organics. Phosphate
buffered saline (PBS, pH 7.4) was purchased from Thermo Scientific.
Sulfuric acid (6 N standardized solution) was purchased from Alfa
Aesar. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was purchased from Invitrogen™.

2.2. Fabrication of OPPy/SDS-CNT electrodes

Gold (Au) electrodes were prepared by evaporating 150 nm of Au
and 5 nm of Cr on a silicon wafer and dicing the wafer into
1 cm× 1.5 cm square pieces. Prior to electrochemical deposition of the
OPPy/SDS-CNT composite, the Au electrodes were cleaned by cycling
the potential from −0.2 V to 1.6 V in 0.5 M H2SO4. A CNT solution was
prepared by adding 1 g/L MWCNT and 20 g/L SDS in 0.1 M NaCl. The
solution was sonicated for 20 min. As-purchased pyrrole solution was
added into the CNT solution where the final concentration of pyrrole
was 0.5 M. For electrochemical deposition, this mixture was diluted in
deionized (DI) water by three folds. Fabrication of the OPPy/SDS-CNT
electrode consisted of two steps: electrodeposition of PPy/SDS-CNT and
overoxidation. After immersing the cleaned Au electrode in the mixture
of SDS-modified CNT and pyrrole, a constant potential of 0.7 V was

applied for 5 s for electrochemical deposition of the PPy/SDS-CNT
composite. Upon applying potential, electrochemical polymerization of
the monomers of pyrrole was induced and SDS-modified CNTs in the
mixture were co-deposited with PPy. The PPy/SDS-CNT electrode was
dried for 2 min and rinsed in DI water. As the last step, the as-prepared
PPy/SDS-CNT electrode was overoxidized in 0.1 M NaOH using cyclic
voltammetry. The potentials were swept twice from 0 to 1 V. The
OPPy/SDS-CNT electrode was dried and washed in DI water.

2.3. Electrochemical measurements

Electrochemical characteristics of our electrodes were measured
using a potentiostat (Autolab PGSTAT302N, Metrohm AG,
Switzerland). A 3-electrode system with Ag/AgCl (3 M NaCl) as a re-
ference electrode and platinum (Pt) wire as a counter electrode was
used. The cyclic voltammograms (CV) of dopamine was obtained by
sweeping the potential from −0.2 V to 0.6 V at 50 mV/s in PBS
(pH 7.4) solution. The differential potential voltammograms (DPV) of
dopamine was obtained by sweeping the potential from −0.1 V to
0.35 V. The step and modulation amplitudes were 0.005 V and 0.025 V,
respectively. The modulation time and interval time were 0.025 s and
0.5 s, respectively. The total measurement times required for the CV
and DPV were 16 s and 45 s.

2.4. Cell culture

PC12 cell line was purchased from Korean Cell Line Bank and cul-
tivated according to the supplier's protocol. We used a medium which
consists of 85% RPMI1640 (11835-030, Thermo Scientific, USA), 10%
heat-inactivated horse serum (H1138, Sigma-Aldrich, USA), and 5%
heat-inactivated fetal bovine serum (FBS, 26140-079, Thermo
Scientific, USA). Cells that were attached to cell culture flasks were
incubated at 37 °C and 5% carbon dioxide (CO2).

2.5. In vitro detection of dopamine

OPPy/SDS-CNT electrode was first cleaned by cycling the potential
from −0.2 V to 1.6 V for three times in PBS. After the cleaning step,
PC12 cells were carefully transferred on the OPPy/SDS-CNT electrode.
By applying a constant potential of 0.18 V on the OPPy/SDS-CNT
electrode, we continuously measured the oxidation current using the
amperometry technique provided through the potentiostat. To stimu-
late the PC12 cells and to induce dopamine release, we used a syringe
pump to inject 20 μL of high concentration potassium chloride solution
(3 M) into the medium. Finally, the DA concentration released from
PC12 cells was estimated by integrating the current peak.

2.6. In vitro toxicity test

Vybrant MTT cell proliferation assay kit was purchased from
Invitrogen™. First, cells were cultured in a standard 96-well microplate.
Cell medium was removed and replaced with 100 μL of fresh culture
medium. For labeling the cells with MTT, MTT stock solution (12 mM,
10 μL) was added to each well and incubated at 37 °C for 4 h. Then,
85 μL of cell medium was removed and 50 μL of dimethylsulfoxide
(DMSO) was added to each well. The medium was incubated at 37 °C
for 10 min. The absorbance was read at 540 nm.

3. Results and discussions

3.1. Surface characteristics of OPPy/SDS-CNT electrodes

Our OPPy/SDS-CNT electrodes were successfully fabricated using
three steps: (1) electrochemical cleaning of the Au electrodes, (2)
electrochemical deposition of the PPy/SDS-CNT composite, and (3)
electrochemical overoxidation (see details in Experimental Section)
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(Fig. 1A). First, the surface morphologies of PPy/SDS-CNT and OPPy/
SDS-CNT electrodes were observed using a field emission scanning
electron microscope (FEI Nova NanoSEM 230) (Fig. 1B and C). While
the surface of the PPy/SDS-CNT electrode was rough due to the ag-
gregates of the PPy/SDS-CNT composite, the surface of OPPy/SDS-CNT
electrode was relatively more uniform as a result of surface etching
during overoxidation. For the OPPy/SDS-CNT electrode, the similar
shape of encapsulated CNTs was clearly observed throughout the whole
electrode and the diameter of encapsulated CNTs was approximately
200 nm.

For a further investigation, carbon and oxygen contents on the
surface of the PPy/SDS-CNT and OPPy/SDS-CNT electrodes were ana-
lyzed through an energy dispersive spectrometer (EDS, SU8200,
Hitachi, Japan) (Fig. 1D). The atomic percentage of carbon decreased
after overoxidation. In addition, the cross-sectional SEM images show
that the surface was smoothed out and the thickness of OPPy/SDS-CNT
electrode decreased from approximately ~53 nm to ~28 nm after
overoxidation (Fig. S1). PPy/SDS-CNT composite, where PPy encloses
the SDS-CNT micelles, forms a cauliflower-like structure rather than
forming a uniform plane [23]. Thus, during the NaOH treatment,

weakly bonded parts of the cauliflower-like structure were detached
from the electrode surface. In contrary, the atomic percentage of
oxygen increased after overoxidation. This increase indicates that the
electron-rich oxygen-containing groups such as carboxylic and carbonyl
groups were formed on the surface of the OPPy/SDS-CNT electrode.
Lastly, we measured EDS to quantify the amount of carbon for samples
with different thicknesses to investigate whether the overoxidation re-
action was limited to the surface. The oxygen/carbon ratio did not show
any special tendency to the thickness of the samples, which implies that
the oxidation reaction was not limited to the surface and occurred in-
side the OPPy/SDS-CNT composite (Figs. S2 and S3).

3.2. Electrochemical characteristics of OPPy/SDS-CNT electrodes

To characterize the process of overoxidation, we obtained cyclic
voltammograms during electrochemical overoxidation, which consisted
of two sweeps from 0 to 1 V with a scan rate of 50 mV/s (Fig. 1E). While
a clear oxidation peak of the PPy/SDS-CNT layer was observed in the
first scan, a much smaller peak was observed in the second scan. This
result indicates that most of the PPy/SDS-CNT surface was oxidized and

Fig. 1. (A) Schematic diagram of fabrication process of the OPPy/SDS-CNT electrode. (B) SEM image of the PPy/SDS-CNT electrode surface. (C) SEM image of the
OPPy/SDS-CNT electrode surface. (D) Atomic percentage of carbon and oxygen of the PPy/SDS-CNT electrode (green) and the OPPy/SDS-CNT electrode (blue). (E)
Cyclic voltammograms obtained during the overoxidation of the PPy/SDS-CNT electrode in 0.1 M NaOH. The potential was swept from 0 to 1 V twice with a scan rate
of 50 mV/s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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numerous carboxylic groups (eCOOH) and carbonyl groups (eC(]O)
e) were formed on the surface of PPy during the first scan. We propose
that these negatively-charged groups would strongly attract the posi-
tively-charged DA molecules, which would not only increase the elec-
trochemical signals during the detection but also endow selectivity
against negatively-charged molecules.

It is also important to optimize surface activation of CNT in the
OPPy/SDS-CNT composites for electrochemical detection of DA. Thus,
we compared the effect of NaOH treatment of CNT to acid treatment by
evaluating the sensing performance. First, CNT/Au electrodes were
fabricated and treated with NaOH under the same condition as that of
PPy/SDS-CNT electrodes (Fig. S4). The first oxidation peak observed for
the OPPy/SDS-CNT electrode was not observed. The performance of
CNT/Au electrodes before and after the NaOH treatment was also
compared (Table S1). Since the CNT was surface-activated with oxygen
containing group during the NaOH treatment process [24,25], the
electrode performance was slightly enhanced after the treatment (Fig.
S5). Next, since the DA detection performance could be also enhanced
by the surface activation through the enrichment of the CNT surface
with the carboxylic group, we tested the effect of acid treatment of CNT
(functionalized CNT, fCNT) using the standard method [26] (Fig. S6). In
contrast to the case of NaOH treatment, the sensing performance of
OPPy/SDS-CNT and OPPy/SDS-fCNT was comparable (Fig. S7 and
Table S2). Thus, the effect of NaOH treatment of CNT was more
dominant than the effect of functionalization in electrochemical de-
tection of DA (Fig. S8).

To confirm our hypothesis on the electrostatic interaction and to
investigate the effect of the overoxidized pyrrole layer on the electro-
chemical activity, we measured cyclic voltammetry using the OPPy/
SDS-CNT and PPy/SDS-CNT electrodes in the presence of 100 μM DA
(Fig. 2A). The redox peaks of DA were more prominent for the OPPy/
SDS-CNT electrode compared to that for the PPy/SDS-CNT electrode,
which can be attributed to strong electrostatic interaction between
OPPy/SDS-CNT and DA molecules. Since DA molecules exist as a ca-
tionic form at the physiological pH of 7.40, the negatively charged
groups on the electrode electrostatically attract the positively-charged
DA molecules [14,27,28]. To demonstrate the existence of the oxygen
containing groups on the surface, Raman spectra of the OPPy/SDS-CNT
electrode and PPy/SDS-CNT electrode were evaluated at the wave-
length of 514 nm (Fig. S9). We observed a significant change near
1000–1500 cm−1, which implied that the functional groups were

attached to the surface after the overoxidation [29]. As a result, DA
molecules accumulate at the surface of the OPPy/SDS-CNT electrode,
which increases the redox signal of DA.

Moreover, a smaller charging current was observed for the OPPy/
SDS-CNT electrode. For our electrodes, there are two possible factors
that could influence electrochemical double layer capacitance (EDLC):
surface area and oxygen-containing group. While an increase in the
oxygen containing group on our OPPy/SDS-CNT electrode surface
would increase EDLC [30], a decrease in the surface area would de-
crease EDLC [31]. Since a decrease in the charging current was ob-
served for the OPPy/SDS-CNT electrode, the effect of reduction in the
surface area was more dominant than the effect due to the presence of
oxygen containing groups. Overall, overoxidation enhances the elec-
trochemical detection of DA by increasing the electrochemical signals
and decreasing the background charging current.

To further confirm the effect of endowed electronegativity from
overoxidation, cyclic voltammogram of ferricyanide (FC, a mixture of
ferricyanide and ferrocyanide) using the OPPy/SDS-CNT and PPy/SDS-
CNT electrodes were compared (Fig. 2B). In contrast to positively-
charged DA molecules, ferricyanide (FC) molecules are negatively
charged. By comparing cyclic voltammograms of DA and FC, we aimed
to confirm the electrostatic effect of the electrode on redox signals.
While the FC peak was clearly shown for the PPy/SDS-CNT electrode,
the FC peak was hardly observed for the OPPy/SDS-CNT electrode.
Because of the repulsive force between the negatively-charged OPPy/
SDS-CNT electrode and FC anions, FC molecules are repelled from the
electrode surface. As a result, no redox peaks of FC are observed for the
OPPy/SDS-CNT electrode. Thus, endowed electronegativity through
overoxidation improves the selectivity of electrochemical detection of
DA against negatively charged interference molecules.

Lastly, we also measured cyclic voltammetry of DA using the OPPy/
SDS-CNT and OPPy electrodes to explore the effect of the presence of
CNTs on the electrochemical detection (Fig. 2C). The OPPy/SDS-CNT
electrode showed not only a higher charging current but also a higher
oxidation peak current compared to that of the OPPy electrode. The
higher charging current is attributed to the larger surface area due to
the presence of CNTs. Since the larger surface area also induces nu-
merous active sites to react with the target analyte [32,33], the peak
current of DA is also increased. Thus, despite the higher background
current, the presence of CNTs enhances the sensitivity of electro-
chemical detection of DA.

Fig. 2. (A) Cyclic voltammograms of the OPPy/SDS-CNT and PPy/SDS-CNT electrodes in PBS buffer (pH 7.4) containing 100 μM DA. (B) Cyclic voltammograms of
the OPPy/SDS-CNT and PPy/SDS-CNT electrodes in PBS buffer (pH 7.4) containing 10 mM [Fe(CN)6]3−/4−. (C) Cyclic voltammograms of the OPPy/SDS-CNT and
OPPy electrodes in PBS buffer (pH 7.4) containing 100 μM DA. The scan rate of 50 mV/s was used for all measurements. Schematics of surface interaction on each
electrode are shown on top of the cyclic voltammograms.
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3.3. Analytical characteristics as a DA sensor

While the basal concentration of DA in the extracellular fluid of
brain ranges from 5 to 60 nM, DA transiently increases to 200–500 nM
upon natural stimuli [34,35] or to 1 mM following evoked stimuli by
implanted electrodes [36]. Thus, to monitor DA concentration in the
brain real-time, biosensor with wide detection range and high sensi-
tivity are essential. We measured both CV and DPV using the OPPy/
SDS-CNT electrode at various concentrations of DA to evaluate the
analytical characteristics of our electrode. For CV measurements, the
oxidation and reduction peaks of DA in all concentrations
(100 nM–100 μM) were clearly observed at 0.18 V and 0.13 V, respec-
tively (Fig. 3A). The peak currents increased linearly as the con-
centration of DA increased from 100 nM to 100 μM (Fig. 3B). Limit of
detection (LOD) is estimated to be approximately 70 nM.

To enhance resolution, we also performed DPV measurements at
various concentrations of DA from 5 nM to 10 μM. Clear DA peaks at
0.14 V were observed in all concentrations. Similar to CV results, the
peak currents of DPV also increased with increasing DA concentrations.
A linear response was observed in the concentration range from 5 nM to
10 μM (Fig. 3D). LOD of DPV measurements is estimated to be ap-
proximately 136 pM. For a higher concentration range, however, the
sensitivity of CV could be higher than that obtained from DPV because
the peak current of CV contains the capacitive current [37]. Moreover,
the sensing performance of OPPy/SDS-CNT electrodes of varying
thicknesses was evaluated (Figs. S10 and S11), which showed that the
optimal sensing performance was observed for the deposition time of
10 s.

We compared the analytical characteristics of our OPPy/SDS-CNT
electrode to that of other DA electrochemical sensors modified with

Fig. 3. (A) Cyclic voltammograms measured using the OPPy/SDS-CNT electrode in PBS buffer (pH 7.4) containing various concentrations of DA (100 nM–100 μM)
with a scan rate of 50 mV/s. (B) Plot of oxidation peak currents observed at different DA concentrations. (C) Differential pulse voltammograms measured using the
OPPy/SDS-CNT electrode in PBS buffer (pH 7.4) containing various concentrations of DA (5 nM–10 μM). (D) Plot of oxidation peak currents observed at different DA
concentrations.

Table 1
Performance comparison of our electrode to that of other DA electrochemical sensors modified with PPy and CNTs.

Electrode Detection method Linear range
(μM)

LOD
(nM)

Reference

OPPy/CNT OPPy/SDS-MWCNT DPV 0.005–10 0.136 This work
OPPy/MSA/MWCNT DPV 0.001–2.87 0.4 Su et al. [40]
OPPy/MWCNT DPV 0.04–1.4 1.7 Tu et al. [14]
OPPy/SWCNT DPV 1–50 380 Li et al. [13]

PPy/CNT PPy/Lac/MWCNT DPV 0.5–4.75 140 Cesarino et al. [38]
PPy/tyrosinase-SWCNT Amperometry 5–50 5000 Min et al. [39]
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polypyrrole layer and/or CNT layer (Table 1) [13,14,38–40]. The
OPPy/SDS-CNT electrode proposed in this work exhibits the lowest
LOD, which could be attributed to the synergistic effect of overoxidized
polypyrrole and carbon nanotube. Moreover, the OPPy/SDS-CNT elec-
trode in this work exhibits 10-fold lower LOD than that of other OPPy/
CNT electrodes [13,14]. The OPPy/SDS-CNT electrode in this work was
prepared by using sodium dodecyl sulfate (SDS) as a dopant and NaOH
as an oxidation agent in contrast to the fabrication processes of OPPy/
SDS-CNT electrodes in other reports. The negative charge of SDS and
the overoxidation in NaOH enhance the sensitivity of the OPPy/SDS-
CNT electrode as well as the permeability of DA to the electrode
[41–44]. Thus, our OPPy/SDS-CNT electrode with high sensitivity,
excellent LOD, and wide dynamic range is capable of monitoring the DA
concentration in the brain at various states such as basal and stimulated
states.

3.4. Selectivity of OPPy/SDS-CNT electrodes

Our cerebrospinal fluid contains numerous chemicals and neuro-
transmitters. Among these, ascorbic acid (AA) is often considered as a
major interfering substance in the detection of DA due to a similar
oxidation potential [45]. In addition, it is important to confirm the
effect of glucose (Glc) on the detection of DA since Glc exists at mM
levels as opposed to nM levels of DA [46]. In this work, we compared
CVs and DPVs of DA, AA, and Glc using the OPPy/SDS-CNT electrode

(Fig. 4A and B). For both CV and DPV measurements, while the DA peak
was clearly observed, the AA and Glc peaks were hardly observed. The
pKa of AA is 4.04, and thus AA exists as an anion under physiological
condition (pH 7.4) [27,28]. The electronegative groups in the OPPy/
SDS-CNT electrode repel the anionic AA. Thus, similar to FC molecules,
no redox peaks of AA were shown. Moreover, the redox peaks of Glc
were not observed, which indicates that our electrode possesses no
electrocatalytic activity to oxidize Glc. When measuring CV and DPV in
a mixture of DA, AA, and Glc, similar redox peaks to that of DA were
observed. Moreover, amperometric responses to AA, DA, and Glc were
explored using the OPPy/SDS-CNT electrode (Fig. S12). The OPPy/SDS-
CNT electrode selectively and quantitatively detected DA also through
the amperometric technique. These results indicate that the OPPy/SDS-
CNT electrode is capable of selectively detecting DA even in the pre-
sence of major interference molecules.

3.5. In vitro detection of DA

To evaluate the real-time detection capability of our electrode, we
conducted in vitro experiments using dopaminergic cells. A custom-
designed electrochemical cell was fabricated using poly (dimethylsi-
loxane) (Fig. 5A). For a 3-electrode system, our OPPy/SDS-CNT elec-
trode, an Ag/AgCl electrode and a Pt wire were used as working, re-
ference, and counter electrodes, respectively. Dopaminergic cells
(PC12) were incubated on the OPPy/SDS-CNT electrode to achieve
direct contact with the electrode and real-time measurement of released
DA (Fig. 5B). Since potassium ions depolarize cells and induce DA re-
lease by exocytosis [47], we chose a high concentration of KCL solution
as a stimulant. By applying 0.18 V on the OPPy/SDS-CNT electrode, we
continuously measured the oxidation current using the potentiostat
(Fig. 5C). 20 μL of a 3 M KCl solution was injected into a cell medium at
71 s to stimulate PC12 cells. The final concentration of KCl was esti-
mated to be 58 mM. The oxidation of DA molecules appeared im-
mediately after the injection of KCl, which indicated that PC12 cells
were successfully stimulated by KCl solution and released DA molecules
(blue curve). In contrast, the oxidation of DA was hardly observed when
PBS solution was injected as a control (green curve). In addition, there
was no oxidation peak when KCl solution was injected into the cell
medium without PC12 cells (dark gray curve).

Moreover, DA released from different concentrations of PC12 cells
(1.04 × 105 and 4.16 × 105 cells/mL) was measured (Fig. S13). The
amount of DA released should be larger for a larger number of cells. As
predicted, the oxidation peak increased for the case with a higher cell
concentration. By integrating the oxidation peaks, moles of released DA
were estimated to be 1.7 × 10−12 mol for 1.04 × 105 cells/mL and
3.24 × 10−12 mol for 4.16 × 105 cells/mL (Table S3). MTT assay was
performed to evaluate cytotoxicity of our OPPy/SDS-CNT electrode
(Fig. 5D) on three samples. The first two samples contained PC 12 cells
with and without the OPPy/SDS-CNT electrode which were cultured for
24 h. The last sampled contained only a media solution as a negative
control. Absorbance intensities exhibited no significant differences be-
tween cells incubated with and without the OPPy/SDS-CNT electrode,
which indicates that OPPy/SDS-CNT electrode has sufficient bio-
compatibility.

4. Conclusions

We proposed and demonstrated a new OPPy/SDS-CNT electrode
which enables sensitive and selective detection of DA. By using SDS as a
dopant and sodium hydroxide (NaOH) as an oxidizing agent, our
electrode exhibited a lower LOD of 136 pM compared to the previously
reported electrodes with a similar composite. In addition, a higher
redox signal of DA and a lower charging current were observed for our
OPPy/SDS-CNT electrode compared to that of PPy/SDS-CNT electrodes.
Moreover, due to the endowed electronegativity, our electrode ex-
hibited high selectivity to DA in the presence of interfering compounds

Fig. 4. (A) Cyclic voltammograms obtained using the OPPy/SDS-CNT electrode
in PBS (pH 7.4) containing 100 μM DA, 160 μM AA, 10 mM Glu, and a mixture
of 100 μM DA, 160 μM AA, and 10 mM Glc. The scan rate was 50 mV/s. (B)
DPVs measured using the OPPy/SDS-CNT electrode in PBS (pH 7.4) containing
100 μM DA, 160 μM AA, 10 mM Glc, and a mixture of 100 μM DA, 160 μM AA,
and 10 mM Glc.
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such as Glc and AA. Successful in vitro detection of DA released from
dopaminergic cells (PC12 cells) implies good biocompatibility. Based
on this excellent sensing performance, the proposed OPPy/SDS-CNT
electrode is an excellent candidate for functional neural electrodes for
in vivo monitoring of DA.
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