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ABSTRACT: For the measurement of events of dopamine (DA)
release as well as the coordinating neurotransmission in the nerve
system, a neural microelectrode array (nMEA) electrodeposited
directionally with polypyrrole graphene (PG) nanocomposites was
fabricated. The deposited graphene significantly increased the surface
area of working electrode, which led to the nMEA (with diameter of
20 pum) with excellent selectivity and sensitivity to DA. Furthermore,
PG film modification exhibited low detection limit (4 nM, S/N =
3.21), high sensitivity, and good linearity in the presence of ascorbic
acid (e.g, 13933.12 yuA mM ™' cm™? in the range of 0.8—10 yM). In
particular, the nMEA combined with the patch-clamp system was
used to detect quantized DA release from pheochromocytoma cells
under 100 mM K' stimulation. The nMEA that integrates 60
microelectrodes is novel for detecting a large number of samples

simultaneously, which has potential for neural communication research.
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1. INTRODUCTION

Dopamine (DA), a monoamine neurotransmitter released by
nerve cells, plays an important role in the human central
nervous system. Extracellular concentration of DA in the
brain"? is much smaller than that of ascorbic acid (AA) ranging
from 200 to 400 uM while their oxidation potentials are
extremely close in physiological media (pH 7.4). In addition,
dopamine o-quinone (the oxidized form of DA) can accelerate
the oxidation progress of AA, leading to biosensors with poor
selectivity.~® To solve this problem, neurologists have taken a
lot of effort to try various modification materials including
metal nanoparticles, polymers, enzyme biosensor, carbon
nanotubes, graphene (GR),”™'* and different electrochemical
methods such as cyclic voltammetry scanning, chronoamper-
ometry, and differential pulse voltammetry, to achieve high
selectivity.'* ™

Polypyrrole (PPy) is one of the most extensively used
conducting polymers in bioanalytical sensors.”> >* Aside from
its biocompatibility, PPy film electrodes exhibit good
conductivity doping with cations such as poly(sodium-p-
styrenesulfonate) (PSs).>¢ PPy is also a promising conducting
polymer to support the metal nanoparticles.””>* A study
suggests Au nanoparticles decorated polypyrrole hybrid sheets
are ultrasensitive for dopamine detection.>’ However, it also
exhibits poor stability and rate capability, which limits its wide
application.**
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In recent years, researchers have paid special attention to
graphene,* which is a novel one-atom thick sp>-bonded carbon
nanomaterial owning unique properties like fast mobility of
charge carriers and thermal and chemical stabilities.**~*' With
in-depth research on graphene, many reports are published on
the detection of DA in the presence of other similar
electroactive chemicals with the electrode modified by
graphene. Hasuck Kim’s group used glassy carbon electrode
(GCE) modified with graphene to detect DA, in the presence
of 1 mM AA, and achieved good sensitivity and linearity.” GCE
modified by a nanocomposite of 3-cyclodextrin and graphene
were applied for electrochemical detection of dopamine, which
showed low detection limit and broad linear range."* A carbon
electrode modified by graphene flowers was used to
simultaneously determine AA, DA, and uric acid.®*™** These
works are important for improving the technology of detecting
DA; however, these sensors do not meet the requirements of
miniaturization and quick response for detecting DA exocytosis
from single cells.

In this paper, we constructed a high-sensitivity neural
microelectrode array (nMEA), fabricated by Micro-Electro-
Mechanical-Systems (MEMS) technology and electrodeposited
with polypyrrole graphene (PG) nanocomposites. The sensor
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Scheme 1. Proposed Mechanism of PG Film Formation
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was used for electrochemical detecting of dopamine release
from pheochromocytoma cells (PC12) cells, which manifested
its great potential for neuroscience research.

2. EXPERIMENTAL SECTION

2.1. Reagents and Instrumentation. Pyrrole (Py) was
purchased from Sigma-Aldrich Co., Ltd. Aminated-graphene was
obtained from Nanolnnova Technologies. NaH,PO, and KCI were
purchased from Beijing Chemical Reagents Company (Beijing,
China). All reagents were used as received without further purification.
Water was purified through a Michem ultrapure water apparatus
(Michem, Chengdu, China, resistivity >18 MQ-cm). PC12 cells were
cultured in a CO, incubator (SANYO, Japan). Original PC12 cells
were purchased from Peking Union Medical College Hospital (Cell
Resource Center, CAMS/PUMC, China). Cell buffer solution (that
consists of 150 mM NaCl, 2 mM CaCl2, 1.2 mM MgCl,, S mM KC],
11 mM glucose, and 10 mM HEPES, pH 7.2) was freshly prepared
prior to use. The phosphate buffer saline (PBS, 0.1 M Na,HPO,—
NaH,PO,—KCl, pH 7.4) was prepared from a PBS tablet (Sigma).
Field-emission scanning electron microscopy (FE-SEM) was per-
formed with an Hitachi S-4800 under S kV accelerating voltage
(Hitachi, Japan). Raman spectra were recorded with a 30 confocal
Raman microscope (Tokyo Instruments Co., Japan). All electro-
chemical measurements were performed on an Autolab
PGSTAT302N electrochemical workstation (Autolab, Switzerland).
The signals of exocytosis detected by CFE were processed on a patch-
clamp system (HEKA, Lambrecht, Germany). The analysis software
was Igor Pro 6.1 (WaveMetrics, USA).

2.2. Fabrication of NMEA. The steps involved in the fabrication of
nMEA are shown in Figure 2B. The nMEA consists of a glass
substrate, a platinum/titanium (Pt/Ti) metal layer, and a silicon
nitride (SizN,) layer. A commercialized glass slide (S cm X S cm X 1
mm) was used as the substrate, which was cleaned in turn by acetone,
ethanol, and deionized (DI) water. Then a Pt/Ti (200/30 nm) metal
mask was patterned onto a substrate followed by ultraviolet
photolithograpy.“’46 The masked glass was placed in an acetone wet
etching for several hours. Subsequently, a Si;N, insulating layer (800
nm) was grown onto the substrate using plasma-enhanced chemical
vapor deposition. After that, the microelectrode sites were etched in a
SF¢-deep reactive ion etcher (SFg-DRIE) for 10 min at a power of 100
W.*" The pattern of 60 circular microelectrodes with the diameter of
20 um and the spacing of 100 um is used for cell culture and detecting
cell secretion. At last, a Plexiglass ring was glued onto the nMEA to
form a cell culture dish. The entire fabrication process of the nMEA is
in a clean-room environment with MEMs technology.
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2.3. Preparation of PG-Modified nMEA. GR (0.5 mg) was
sonicated in 1 mL of DI water for 20 min. The aqueous dispersion was
mixed with 3.47 uL of Py under ultrasonication for 15 min. The nMEA
was polished by O,-DRIE for 30 s at the power of S0 W, before PG
was electrodeposited on the aimed microelectrode of the nMEA by
chronopotentiometry. The nMEA was immersed in the above
suspension, eight microelectrodes were selected for electrodepositing,
and the process was carried out by chronopotentimetry scanning with
the charge density of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 C/cm? and
the current of 2 mA at room temperature. The process is shown in
Scheme 1. The obtained microelectrodes were gently washed with DI
water to remove excess nonadsorbed species.

2.4. Electrochemical Measurements. The microelectrode
performance was measured with an Autolab workstation connected
with a computer. A three-electrode system with the selected
microelectrode as the working electrode, an AglAgCl (saturated
KCl) reference electrode, and a platinum wire as the counter electrode
was used. Cyclic voltammetry scanning and chronoamperometry were
applied to the three-electrode system. Once the background current
reached a steady-state value, different doses of DA and AA prepared
solutions were injected into the culture dish containing PBS under
vigorous stirring. The response currents were recorded with time at a
constant applied potential. All experiments were conducted at room
temperature.

2.5. Cell Preparation. PC12 cells were companionably provided
by Peking Union Medical College Hospital. Cells (1.5 mL) with a
density of 10° cells/mL were initially planted into a T25 plastic cell
culture vessel containing 6 mL of culture medium (5% horse serum
and Ham’s F12K medium supplemented with 10% fetal bovine serum)
at 37 °C in a wet atmosphere of 5% CO,/95% air. The cells proliferate
in culture for 2 days before measuring quantal release test.

2.6. Measurement and Analysis of Quantal Exocytosis.
Recordings were used by an HEKA patch-clamp amplifier at room
temperature. The matched Patchmaster software was performed at a
sampling rate of 10 kHz and the potential of the working site was
maintained at 650 mV vs Ag/AgCl. Data analysis of excoytotic spikes
was done with software Igor Prov. 6.1 (WaveMetrics, USA) using an
algorithm of threshold. A cell secretion occurrence was defined as the
maximum current value of a spike being 6 times that of the
background noise.

3. RESULTS AND DISCUSSION

3.1. Optimal Electrodeposition Conditions and Mech-
anism. To properly improve dopamine detection limit and
sensitivity with nMEA, PG nanofilm have been used to attempt
to modify the microelectrode. The selected 8 among 60
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microelectrodes were electrodeposited with PG film at different
charge density from 0.1 to 0.8 C/cm? respectively. We
identified the optimal electrodeposition conditions through
their cyclic voltammetric current response to 20 uM DA
solution (solved in PBS, pH 7.2), as shown in Figure 1. In
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Figure 1. Cyclic voltammetric current response to 20 uM DA at
microelectrodes electrodeposited with PG film at different charge
densities from 0.1 (a) to 0.8 (h) C/cm® The scanning rate was 50
mV/s.

addition to the observed obvious redox peaks, the increment of
response current grew with the increase of electrodeposition
charge density up to 0.5 C/cm? It can be believed that the
produced ripples and defects in the layers of the graphene
during the electrodepostion process increased the surface area
of the electrode and accelerated the electron transfer of the
electrode. However, at larger charge density of 0.6 C/cm® or
more, the current decreased. This result may be attributed to
the increase in membrane thickness of PG film as the charge
density increased so that the electron generated by the
oxidation of substrates from solution could not readily reach
the electrode. Thus, we used the charge density of 0.5 C/cm®
for PG electrodeposition on nMEA.

Commonly, when jarless current is applied on a working
electrode to provide enough potential, the following electro-
chemical reactions occur:*~**

Py —» (Py)" + e~

2(Py)" — Py-Py + 2H"

PyPy — (Py-Py)" + e

(Py-Py)" + (Py)" — Py-Py-Py + 3H"

where Py represents a single pyrrole monomer molecule; (Py)*
means radical of pyrrole; Py-Py and Py-Py-Py stands for pyrrole
oligomer and (Py-Py)* for pyrrole oligomer cation. Scheme 1
describes the proposed mechanism of PG film. It is believed
that the above reaction of pyrrole originally occurs at the Pt
microelectrode surface. Like the dispersed graphene containing
abundant negative charges, it could be drawn to the pyrrole
oligomer cation with positive charge. Afterward, accompanied
by a chain of pyrrole polymerization reaction, GR layers would
be formed and shaped into folded nanofilm structure, as shown
in Figure 2D.
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3.2. Characterization of the Electrodeposited PG
Nanocomposites on nMEA. To confirm whether it is the
PG nanofilm, the Raman spectra measurements*® have been
carried out. Raman spectra were recorded in the range of 800—
2000 cm ™" using a laser beam having a wavelength of 532 nm
with a CCD detector. Figure 2A shows the Raman spectra of
PG nanofilm and pure graphene. As for graphene, the specific
D band appeared at 1318 cm ™' and the G band at 1603 cm™".
However, the D and G bands of PG nanofilm had transferred to
1354 cm™ and the G band at 1610 cm™. The I,:I; (intensity
ratio) of graphene was 1.542, while that of PG decreased to
0.887. It means the defects of graphene edge have been
repaired while reducing the number of sp® hybridization.* In
addition, bulges at 924, 1007, and 1105 cm™ in the Raman
spectra of the PG, related to deformations of N—H and C—H
in-plane, has demonstrated the existence of polypyrrole.

As shown in Figure 2D,E, the PG films could be selectively
electrodeposited onto the surface of the aimed microelectrodes,
and SEM was employed to observe the morphology of the
modified working site 1. Large numbers of wrinkles (graphene)
and ripples and lots of PPy nanoparticles were grown on the
surface of the working site. The observations suggest that the
rough and nanostructured PG film provided much larger
specific area, which may effectively result in enhancement of
electron-transfer capability and consequently increasing the
current response.

3.3. Selective Behavior in Electrochemical Detection
of AA and DA. 3.3.1. Peak Separation of AA and DA.
Differential pulse voltammetry (DPV) has a better resolution
that provides much wider peak separation than cyclic
voltammetry. Thus, DPV was used for selective detection of
DA and AA on nMEA-electrodeposited PG film. Figure 3
displays DPV of PBS, 5 uM DA, and 5 yM DA in the presence
of 800 uM AA using a modified microelectrode. The oxidation
current peaks of DA and AA are well-defined separated at the
potentials 127 and 273 mV. The calculated oxidation AEp is
146 mV for AA and DA, suggesting the modified nMEA
exhibits excellent selective performance against DA and AA at
the micromolar level. It is believed that electrocatalytic
graphene structure®®™>> consisting of amounts of negative
charge is effective in attracting the DA cation and rejecting AA
anions to the surface of PG nanocomposites.

3.3.2. Responding Speed of PG. The half peak width (T, ,)
is the duration that the oxidation current spike drops from the
maximum to the half-maximum value, which is an important
parameter of measuring the response speed. The inset of Figure
3 depicts 3D histograms of these t,,, parameters of DA and AA
in the range of 0.6—10 yM. The t,,, of DA was within 0.5 s
throughout the entire injection period, while that of AA was
more than 1.4 s. Moreover, the response time of AA was 10
times that of DA in the same concentration. Such a distinct
response to DA and AA may be attributed as follows: (1) as
described before, the large number of negative charges stacked
on the PG membrane, which served as a negative surface,
making AA anion difficult close; (2) the electron transfer
between DA and graphene is more feasible through interaction
since DA has phenyl moiety unlike AA.

3.3.3. Current Response of DA and AA in a Mixture with
Finite Difference Method. To determine the selectivity and
sensitivity of the microelectrode electrodeposited with PG film,
the current response of DA was recorded in the presence of a
high concentration of AA (the concentration of AA was
maintained at 100 times that of DA). As shown in Figure 44,
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Figure 2. (A) Raman spectra of PG nanocomposites and pure graphene (GR); (B) fabrication process of the nMEA; (C) nMEA with 60 working
sites in the center of the glass slide substrate; (D) SEM image of the modified microelectrode; (E) microelectrodes selectively electrodeposited with

PG films on the nMEA.

we selected one microelectrode nMEA electrodeposited with
PG film as the working microelectrode for amperometric
detection in two steps. The potential was held at 273 mV vs Ag|
AgCl which was the oxidation peak potential of DA. The first
step was stepwise addition of different concentrations of DA in
the presence of high concentration AA to a stirred solution; the
concentrations were prepared as follows: 0.8 uM + 80 uM (DA
+AA), 1.0 uM + 0.1 mM, 2.0 uM + 0.2 mM, 4.0 uM + 0.4 mM,
6.0 uM + 0.6 mM, 8.0 uM + 0.8 mM, and 10 zM + 1 mM. The
second step consisted of different concentrations of AA being
injected into the PBS solution in sequence of 80 yM, 0.1 mM,
0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, and 1.0 mM. The response
current of DA in the presence of AA minus the response
current of AA in the same concentration was equal to the
current of DA. Figure 4B displayed the current response of DA,
by subtracting the response current of AA from the response
current of DA in the presence of AA, increasing linearly with
their concentrations having a correlation coefficient of 0.991.
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Similarly, the sensitivity of DA was 0.161 nA/uM (12818.47 uA
mM™ ecm™2). To properly reflect the performance of the
microelectrode array modified with PG film, 8 microelectrodes
among 60 microelectrodes were selected to detect DA in the
presence of AA. The coefficient of variation is less than
2.7%.The results showed the sensitivity of the nMEA modified
by PG film for DA and AA differed dramatically, which may be
attributed to the following: (1) the rough PG film with lots of
wrinkles enlarging the surface size (the effective surface area of
electrode modified with PG film is 1264.69 um? calculated by
Randles-Sevcik equation using K;Fe(CN)4/K,Fe(CN)4 as an
indicator) greatly increases their electrocatalytic active sites and
accelerates a chemical reaction; (2) PG film with a large
number of sp* bonds can provide more free electrons and
promote the electron transfer in the oxidation of DA.

3.4. Detection Limit of Dopamine. To further character-
ize the performance of the nMEA modified with PG
nanocomposites, we determined the detection limit of DA
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Figure 3. DPV of PBS, 800 uM AA, and 5 uM DA in the presence of
800 ;M AA on nMEA-electrodeposited PG film. The inset shows 3D-
histograms of the t,,, parameter of DA and AA in the range of 0.6—10
UM.
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of 100-fold concentration of AA on the microelectrode modified with
PG film at the working potential of 273 mV vs AglAgCl. (B) The
linership between the differential currents and the DA concentration.

(LOD). A stepwise current—time response of the nMEA at
different DA concentrations was obtained as shown in Figure S.
Twenty microliters of PBS was added first to the PBS solution
to eliminate the influence of diffusion-limited responses from
PBS. An obvious gradient current response of DA at the
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nanomolar level ranging from 4 to 600 nM and the oxidation
current of 4 nM is about 6.3 pA with adequate resolution (S/N
= 3.21), which is better than that of previously reported work
using GR."® The relationship between current responses and
concentration of DA can be represented by a sigmoidal
equation.

I=5216C"%°

where I stands for an anodic current and C is the DA
concentration. Such fixed equation for I vs C is inconvenient to
use, so we used the logarithm of the coordinate axes of the
calibration curve to generate a linear relationship. The slope of
the linear curve represents the sensitivity of the electrode. The
defined sensitivity of nMEA-electrodeposited PG film was
0.557 log (pA)/log (nM) with a correlation coefficient of 0.986,
as shown in the inset in Figure S. The figures of merit toward
DA detection obtained with some other reported graphene
materials are summarized in Table 1. As compared in Table 1,
the present microelectrode modified with PG film demon-
strated better properties of electrochemical detection of DA
than those of other graphene samples.

3.5. Monitoring of Dopamine Release from PC12
Cells. PC12 cell can synthesize neurotransimitters (mainly
DA), stock catecholamine-containing vesicles, release, and pass

Table 1. Comparison of Analytical Performance of Our
Modified nMEA with Other Published DA Electrode Based
on Graphene-Based Materials

limit of

materials detection linear range  references
reduced graphene oxide 2 uM 5-200 uM 4
graphene 2.64 uM 4-100 yM 7
carbon paste electrode 3.70 uM 8-134 uM 8
reduced graphene-P pPD 0.36 uM 5—25 uM 35
N-doped reduced graphene 0.25 uM S—170 uyM 41

oxide

graphene nanosheet 0.6 uM 4-52 yM S2
reduced graphene oxide 0.5 uM 0.5—60 uM 40
3D-reduced graphene oxide 0.17 uM 0.5-1 mM S3
polypyrrole graphene 4 nM 0.8—10 uM this study
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the absence of K* stimulation, respectively.

to receptors of postsynaptic membrane, so it has been generally
used as a model for researching DA release in vitro.>* >

As can be seen in Figure 6A, the optical inverted
photomicrograph indicates that among 6 microelectrodes
used in the experiment, S electrodes are occupied by PC12
cells following cell washing with cell buffer solution (that
consists of 150 mM NaCl, 2 mM CaCl,, 1.2 mM MgCl,, 5 mM
KCl, 11 mM glucose, and 10 mM HEPES, pH 7.2). The nMEA
that the PC12 cells cultured was placed into the self-made
interface, which combines with HKEA amplifier. We chose the
microelectrodes occupied by single cell and multiple cells as the
targets for monitoring dopamine release, such as micro-
electrodes 56 and 53 in Figure 6A. Typical amperometric
traces of single cell and multiple cells are presented in Figure
6B. Many upward current spikes are detected after the
introduction of high K" stimulus to trigger exocytosis. The
reason for it is that an increased extracellular high concentration
of K" provokes the depolarization of dopaminergic neurons and
so triggers exocytosis by opening specific-binding Na* entry,
which induces the subsequent opening of voltage-sensitive Ca*
channels. The opening of Ca®* channels allows a quick influx of
Ca’ concentration in the intracellular level to a level sufficient
to provoke the transferring of neurotransmitter-containing
vesicles to the plasma membrane for exocytosis.**®!

A typical spike was observed as shown in Figure 6C. The
exocytosis occurs in a stepwise fashion. The initial event
observed is the foot signal recorded from the initial leakage of
dopamine from the membrane-fused vesicle, which may then
progress into the sharp fusion pore and release of the major
dopamine content,*%>7%
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To ascertain whether DA release caused by high concen-
trations of K' stimulation solution, two group tests were
performed at a sampling rate of 10 kHz as shown in Figure 6D.
No DA release events described as a succession of
amperometric spikes were recorded from the PC12 cells in
the absence of an appropriate stimulus; however, dense spikes
responses were observed, proving that the cell was triggered to
release dopamine by adding a 100 mM K" stimulation solution.

3.6. Stablility of nMEA Modified with PG Films. The
stability of the nMEA electrodeposted PG film was studied by
keeping the nMEA in PBS at 4 °C for 50 days after having been
used for detecting DA release from single PC12 cells. Over the
first 7 days, the sensitivity of DA decreased by 2.3% and the
detection limit was 10 nM. The sensitivity of DA maintained
91.1% of the original sensitivity value after 50 days. These
results indicate that the nMEA-electrodeposited PG film
displayed stable and excellent response to dopamine.

4. CONCLUSIONS

In this work, a novel nMEA electrodeposited with PG
nanocomposites was fabricated and used for highly sensitive
detection of DA exocytosis in vitro. The novel nMEA showed
outstanding selectivity between DA and AA. Large peak
potential separation and high peak current between DA and
AA could be obtained using DPV at the modified nMEA.
Meanwhile, the electrodeposited nMEA exhibited superior
sensitivity, low detection limit, and fast responding speed
toward the oxidation of DA. The splendid performance was due
to fast approaching microelectrode steady state and the
promoted electron-transfer ability of GR. Additionally, we
applied the nMEA modified with the PG nanocomposites for
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detecting DA release from PC12 cells, which has great potential
in electrochemical neuroscience.
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