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Abstract: Epilepsy is a common neurological disorder. There is still a lack of methods to accurately
detect cortical activity and locate lesions. In this work, a flexible electrocorticography (ECoG) electrode
array based on polydimethylsiloxane (PDMS)-parylene was fabricated to detect epileptiform activity
under glutamate (Glu) and gamma-aminobutyric acid (GABA) modulation on primary somatosensory
cortex of rats. The electrode with a thickness of 20 µm has good flexibility to establish reliable contact
with the cortex. Fourteen recording sites with a diameter of 60 µm are modified by electroplating
platinum black nanoparticles, which effectively improve the performance with lower impedance,
obtaining a sensitive sensing interface. The electrode enables real-time capturing changes in neural
activity under drug modulation. Under Glu modulation, neuronal populations showed abnormal
excitability, manifested as hypsarrhythmia rhythm and continuous or periodic spike wave epileptiform
activity, with power increasing significantly. Under GABA modulation, the excitement was inhibited,
with amplitude and power reduced to normal. The flexible ECoG electrode array could monitor
cortical activity, providing us with an effective tool for further studying epilepsy and locating lesions.
Keywords: ECoG electrode array; flexible; epilepsy; electrical activity; primary somatosensory cortex

1. Introduction
Epilepsy is a common neurological disorder, affecting about 50 million people worldwide [1,2].
When the excitatory and inhibitory activities are out of balance, the abnormal discharges of neurons
cause paroxysmal brain dysfunction, manifested as limb twitching or abnormal conscious behavior [3].
Glutamate (Glu) is a major excitatory neurotransmitter in the central nervous system, which has been
related to the onset and propagation of seizures [4,5]. Excessive Glu can cause disturbance of neuronal
functional activity and induce seizures [6].

Micromachines 2020, 11, 732; doi:10.3390/mi11080732

www.mdpi.com/journal/micromachines

Micromachines 2020, 11, 732

2 of 13

Clinically, electroencephalography (EEG) is recognized as the main basis for diagnosis of epilepsy [7].
It monitors abnormal changes in brain electrical activity through scalp electrodes, which play an important
role in detecting and predicting seizures [8]. However, the EEG electrodes have low sensitivity and
large artifacts due to interference from the scalp, skull, and dura mater. Electrocorticography (ECoG)
is a method to record electrical activity directly from the surface of the cerebral cortex with minimal
invasiveness to brain tissues [9,10]. A comparison with EEG shows that ECoG has advantages in spatial
resolution, signal amplitude, and fidelity [11]. Thus, ECoG electrodes are becoming increasingly popular
for epilepsy study [12].
Commercial ECoG electrodes (Ad-Tech Medical Instrument Corporation, USA), with millimeter
electrode diameters (typically 2–3 mm) and pitches, are available to monitor cortical activity and locate
the seizure focus during surgical diagnosis [13,14]. In the last decade, in order to obtain higher spatial
resolution of cortical signals, there has been an evolution of ECoG into micro-electrocorticography
(µECoG) by scaling down the dimensions of ECoG electrodes to micron size [15].
Polydimethylsiloxane (PDMS) [16,17], parylene [18,19], and polyimide (PI) [20,21] have been widely
used as substrate materials to fabricate flexible electrodes, reducing tissue damage, and improving
recording reliability [22]. These materials are biocompatible and compatible with MEMS fabrication
processes. PDMS, with a Young’s modulus of 0.4–1.0 MPa, its mechanical property is more similar to
the brain tissue than parylene (4–4.5 GPa) and PI (2.3–2.8 GPa) [23,24]. However, its thermal expansion
coefficient differs from metals by an order of magnitude. Microcracks easily occur during sputtering
and patterning metals processes [25]. In addition, Adrega’s team found that square apertures of 200 to
30 µm could be patterned in the PDMS insulation layer to expose the underlying metals. The patterning
resolution was limited to >20 µm features [26]. The size of electrode recording sites is critical to the spatial
resolution and detection performance. Resolution >20 µm greatly limits the possibility of detecting single
neuron. While parylene is an excellent solution to the problems faced by PDMS, parylene, with a thermal
expansion coefficient of 3.5 × 10−5 K−1 , is relatively more comparable to metals (1.42 × 10−5 K−1 ) [25]
than PDMS (2.0 × 10−4 K−1 ) [27] and oxygen plasma treatment improves the adhesion between parylene
and metals [28]. Thus, parylene enables stronger metal adhesion than PDMS. Moreover, parylene is easy
to form a 1–2 µm thin layer and create openings by oxygen plasma etching. It is easier to obtain smaller
size (even single neuron size) of openings to expose the underlying metals in fabrication processes. Since
PDMS and parylene have their own advantages, combining the two is a good choice [29].
Considering the needs for the detection of neural activity, ECoG electrodes should be flexible
enough to accommodate the curved structure of the brain, with PDMS as the preferred material.
The insulation thickness should be as thin as possible to allow the exposed electrode sites to attach to
the nerve cells; 1–2 µm parylene can meet the demand. Therefore, we combined PDMS and parylene.
PDMS was selected as the substrate layer. Parylene was selected as the transition layer to enhance
adhesion between PDMS and the metal layer, and as an insulation layer to easily create openings.
In this paper, we fabricated a flexible ECoG electrode array based on PDMS and parylene with a
high spatial resolution for recording the neural activity on the primary somatosensory cortex of rats
and facilitate the detection and localization of cortical lesions.
2. Materials and Methods
2.1. Reagents and Apparatus
Phosphate-buffered saline (PBS, 0.1 M, pH 7.4) was obtained from Sigma (St. Louis, MO, USA).
Saline (0.9% NaCl) was purchased from Shuanghe Corporation (Beijing, China). Gamma-aminobutyric
acid (GABA) was purchased from Tocris Bioscience (Bristol, UK). Glu was purchased from Beijing
Xinjingke Corporation (Beijing, China).
The modification of flexible ECoG electrode array was carried out on an electrochemical
workstation (Gamry Reference 600, Gamry Instruments, Warminster, PA, USA). An animal isoflurane
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Metal Layer
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lines, and pads of the electrode array were protected by the photoresist mask. The exposed metal
layer was corroded, leaving the desired electrode features (Figure 1f). Then, the sample was
immersed in acetone to remove the photoresist mask. Following treatment in oxygen plasma, the
residual photoresist was fully removed.
2.2.3. Depositing Insulation Layer
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2.2.3. Depositing Insulation Layer
The sample was put into a parylene coating machine and 4.5 g parylene-C was evaporated for 6 h
to form a 1.5 µm insulation layer (Figure 1g).
2.2.4. Creating Openings in Insulation Layer
Positive photoresist AZ4620 was spin-coated at 1500 rpm for 60 s and cured in an oven at 60 ◦ C
to form a 10 µm thick layer. A lithography mask was used to expose the electrode sites and pads
(Figure 1h). After lithography, the sample was developed in 0.6% NaOH, and post-baked at 60 ◦ C.
The electrode sites and pads were exposed, while the electrode lines were protected by the photoresist
(Figure 1i). The parylene insulation layer above sites and pads was etched by oxygen plasma with a
power of 100 W to create openings (Figure 1j). Oxygen plasma could etch both parylene and positive
photoresist. It was necessary to ensure that the photoresist mask was thick enough to protect the
parylene above electrode lines from etching.
2.2.5. Releasing from the Glass Slide
The sample was immersed in 20% NaOH for 20 min to etch the Al sacrificial layer, and gently
released from the glass slide (Figure 1k). Then, electrodes were soaked in deionized water to remove
residual NaOH and any other chemicals.
2.3. Modification of the ECoG Electrode Array
With the advantage of specific surface area, platinum black nanoparticles (PtNPs) were electroplated
onto the electrode sites to decrease the electrode impedance [30]. Nano-modified technology enabled
sensitive sensing interface, allowing electrodes to closely contact with cortical cells. PtNPs were electroplated
by a three-electrode system including working electrode, Ag/AgCl reference electrode, and Pt counter
electrode, using the amperometry method at −1.1 V for 50 s. The electroplating solution was mixed by
24 mM H2 PtCl6 and 2.1 mM Pb(CH3 COO)2 . During the electroplating process, ultrasonic vibration was
required to uniformly grow the nanoparticles.
2.4. Experimental Procedures
Male Sprague-Dawley (SD) rats weighing 250 g were used in the experiments. All animal experiments
were performed with the permission of Beijing Association on Laboratory Animal Care. Two rats were
used for these experiments. One rat was used for the Glu and GABA modulation experiment. Another
rat was used for the repetitive experiments of Glu-induced seizures. During the surgery, the rat was
anesthetized by animal isoflurane anesthesia machine and fixed in a stereotaxic apparatus. A craniotomy
of 4 × 4 mm (coordinates relative to bregma, 4 mm posterior, 4 mm lateral) was performed on the
skull of the right hemisphere with a dental drill (Figure 2a). The skull and dura mater were removed.
The skull nail was placed on the left brain of the skull for grounding. After surgery, the rat was put
into a shield cage to shield the external electromagnetic interference. The flexible ECoG electrode array
was placed onto the surface of the exposed subdural cortex (Figure 2c). Fourteen microelectrode sites
were distributed on the primary somatosensory cortex (Figure 2b), which greatly improved the spatial
resolution as compared with the conventional EEG electrodes. In vivo detection of rats from normal to
drug-induced epileptiform activity was performed. The drug injection area was adjacent to the array
(Figure 2b). The average detection time was over 4 h. The electrical signals were recorded at a sampling
frequency of 1 kHz using a homemade neural data recording instrument.
The normal activity was recorded for 30 min to ensure stable recording and exclude interference.
Then, Glu (10 µL, 1 mM) was injected in the primary somatosensory cortex of rats to induce neuronal
epileptiform activity. As an excitatory neurotransmitter, Glu is involved in triggering and propagating
seizures [31]. The accumulation of extracellular Glu can induce epileptiform activity. After recording the
excitatory fluctuation for 7 min, Glu (10 µL, 1 mM) was injected the second time. With further absorption
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and accumulation of Glu, epileptiform activity became intense and lasted about 30 min. During the
period of epileptiform activity, GABA (10 µL, 1 mM) was injected into the primary somatosensory cortex.
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As an inhibitory neurotransmitter, it had an obvious inhibitory effect on neurons [32,33].
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In this work, the ECoG electrode array satisfied the need for detecting electrical activity of
neuronal populations in primary somatosensory cortex.
3.2. Impedance Test of the ECoG Electrode Array
The surface morphology of the electrode after electroplating PtNPs is shown in Figure 4a.
Electrode impedance was a primary concern in detection of weak neural signals. To evaluate the
properties of the flexible ECoG electrode array, it was characterized by electrochemical impedance.
The impedance of 14 electrode sites (60 μm in diameter) was tested in PBS at room temperature using
a three-electrode system. The electrochemical impedance spectroscopy (EIS) was recorded from 10 to
1 MHz using a Gamry electrochemical workstation. Figure 4b clearly shows the average impedance
of 14 electrode sites recorded before and after modification. As shown in Figure 4c,d, PtNPs enhanced
electrode performance in terms of impedance and phase. The average impedance at 1 kHz was
decreased from 186.96 ± 30.62 kΩ to 12.78 ± 5.35 kΩ. The phase angle at 1 kHz was shifted from −64.79
± 2.01° to −47.17 ± 4.96°. The PtNPs reduced the electrode impedance and simultaneously improved
the signal delay, which was beneficial to recording electrical signals.
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3.3. Characteristics of Electrical Activity under Glutamate (Glu) and Gamma-Aminobutyric Acid (GABA)
Modulation
Local field potential (LFP) is a key signal in the study of neuronal communication of the brain
[34]. It is a measure of electrical activity in a volume of neuronal tissue [35]. Therefore, it is critical to
accurately record LFP to understand the mechanisms of interaction between neuronal populations.
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3.3. Characteristics of Electrical Activity under Glutamate (Glu) and Gamma-Aminobutyric Acid
(GABA) Modulation
Local field potential (LFP) is a key signal in the study of neuronal communication of the brain [34].
It is a measure of electrical activity in a volume of neuronal tissue [35]. Therefore, it is critical to accurately
record LFP to understand the mechanisms of interaction between neuronal populations.
Glu and GABA were applied to modulate the neural activity of cortical neuronal populations.
The flexible ECoG electrode array was applied to capture changes in neural activity of the rat’s primary
somatosensory cortex. Figure 5a shows representative channels of real-time LFP (a low pass filter of
200 Hz) waveforms recorded by the ECoG electrode array. The waveforms are divided into different
stages, including normal activity, first time Glu injection, epileptiform activity, and GABA inhibitory
activity. For normal activity, the amplitude of waveforms fluctuates within 1 mV. After the first Glu
injection, the neuronal populations are induced to be excited, with amplitude fluctuating in 2 mV.
With the second Glu injection, the amplitude rapidly increases to 6 mV and continues to fluctuate sharply,
manifested as hypsarrhythmia rhythm and continuous epileptiform activity. The neuronal populations
are more excited, which is related to the accumulation and diffusion of Glu. Hyperexcitability is one of
the characteristics of the seizure focus. With GABA injection, the electrical activity tends to be normal.
Micromachines
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Figure 5. In vivo neural activity recording under modulation of glutamate (Glu) and gamma-aminobutyric
Figure 5. In vivo neural activity recording under modulation of glutamate (Glu) and gammaacid (GABA). The arrow indicated the time of Glu injection (1st), (2nd), and GABA injection. (a) Real-time
aminobutyric acid (GABA). The arrow indicated the time of Glu injection (1st), (2nd), and GABA
recording of local field potential (LFP) waveforms; (b) Time-frequency power spectrogram analysis.
injection. (a) Real-time recording of local field potential (LFP) waveforms; (b) Time-frequency power
spectrogram
analysis.
Figure 5b displays
the time-frequency power spectrogram corresponding to Figure 5a. Power

spectrum is a method to analyze LFPs in a frequency domain. It transforms the electrical signal to a
Figure 5b displays the time-frequency power spectrogram corresponding to Figure 5a. Power
spectrum whose power changes with frequency. The power of LFPs in a normal stage is concentrated
spectrum is a method to analyze LFPs in a frequency domain. It transforms the electrical signal to a
in 0–5 Hz. With accumulation and spread of extracellular Glu, which destroys the balance of Glu
spectrum whose power changes with frequency. The power of LFPs in a normal stage is concentrated
absorption and release, inducing abnormal epileptiform activity, a rapid increase in power at 0–30 Hz
in 0–5 Hz. With accumulation and spread of extracellular Glu, which destroys the balance of Glu
is observed. After GABA injection, the power in each frequency band reduces significantly due to the
absorption and release, inducing abnormal epileptiform activity, a rapid increase in power at 0–30
inhibitory effect on neurons [36,37].
Hz is observed. After GABA injection, the power in each frequency band reduces significantly due
These results show that our flexible ECoG electrode array is a promising tool for stable recording
to the inhibitory effect on neurons [36,37].
of cortical electrical activity. The characteristics of electrical activity are helpful for studying epilepsy
These results show that our flexible ECoG electrode array is a promising tool for stable recording
and locating lesions.
of cortical electrical activity. The characteristics of electrical activity are helpful for studying epilepsy
and locating lesions.

3.4. Frequency Domain Characteristics Analysis of Electrical Signals
The electrical signals were decomposed into multiple frequency bands (delta (1–4 Hz), theta (4–
8 Hz), alpha (8–13 Hz), and beta (13–30 Hz)). Each frequency band was characterized with different
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3.4. Frequency Domain Characteristics Analysis of Electrical Signals
The electrical signals were decomposed into multiple frequency bands (delta (1–4 Hz), theta
(4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz)). Each frequency band was characterized with different
amplitudes and rhythms. LFPs’ power in different stages was further analyzed in a frequency domain,
as shown in Figure 6 (Figure S1). Power was calculated from each frequency band to get specific
features for seizure detection or prediction. The frequency bands with large changes in power were
Micromachines
2020, 11,with
x
9 of 14
highly correlated
seizures as compared with other frequency bands [38].

Figure 6. Power analysis in the frequency domain. The power of LFPs (µW) in multiple frequency
Figure 6. Power analysis in the frequency domain. The power of LFPs (μW) in multiple frequency
bands (delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz)) at different stages. The error
bands (delta (1–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz)) at different stages. The error
bars represent standard deviation in power from three channels. An enlarged view of the gray area
bars represent standard deviation in power from three channels. An enlarged view of the gray area
framed by the red line is shown at the top of the figure.
framed by the red line is shown at the top of the figure.
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by
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changes
in delta frequency band. Frequency band characteristics have an inspiring value for the study
of epilepsy.
of epilepsy.
3.5. Repetitive Experiment of Glu-Induced Epileptiform Activity
3.5. Repetitive Experiment of Glu-Induced Epileptiform Activity
A repetitive experiment was performed on rats for Glu-induced epileptiform activity. Figure 7a
A the
repetitive
experiment
wasspectrum
performed
rats for Glu-induced
activity.
Figurethat
7a
shows
time-frequency
power
of on
Glu-induced
seizures. It epileptiform
can be seen from
the figure
shows
the
time-frequency
power
spectrum
of
Glu-induced
seizures.
It
can
be
seen
from
the
figure
the activity of neuronal populations in normal state is mainly in a low frequency band of 0–5 Hz. After
that the activity of neuronal populations in normal state is mainly in a low frequency band of 0–5 Hz.
After Glu-induced seizures, epileptiform activity was concentrated at 0–30 Hz. As the localized
epileptiform activity propagates, the distribution and density of power in each frequency band were
intensified. A power histogram of electrical activity in normal and epileptiform states is shown in
Figure 7b. The power in epileptiform activity is 74.1 ± 5.6 μW, which is four times higher than 18.7 ±
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Glu-induced seizures, epileptiform activity was concentrated at 0–30 Hz. As the localized epileptiform
activity propagates, the distribution and density of power in each frequency band were intensified.
A power histogram of electrical activity in normal and epileptiform states is shown in Figure 7b.
The power in epileptiform activity is 74.1 ± 5.6 µW, which is four times higher than 18.7 ± 1.3 µW in
normal activity with a significant difference (*** P < 0.001). Neuronal populations of the epileptogenic
zone show an abnormal excitability level. Figure 7c shows the real-time signals simultaneously
recorded by the ECoG electrode array. Under normal state, the fluctuation of electrical activity is small,
within 0.6 mV. After Glu-induced excitement, the neuronal populations are characterized by spike and
wave complex
and periodic epileptiform activity.
Micromachines
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which are summarized
in Table 1. The
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in Table
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of
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addition,
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smaller size of electrode sites allows for more precise and accurate recordings. In addition, the thinner
theelectrode,
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anfabricated
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and
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better
it fits
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array,
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4 transparent
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diameter
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× 4 transparent
Opto-μECoG
array

for optical neural stimulation on visual cortex, with 200 μm in electrode diameter and 75 μm in
electrode thickness [41]. Schendel’s team designed a μECoG device, with 200 μm in electrode
diameter, 750 μm in spacing, and 25 μm in electrode thickness [42]. Park’s team applied a graphenebased electrode array on rats, with 150–200 μm in electrode diameter [43]. Our electrode array
contained 14 detection sites with a diameter of 60 μm to cover the rat primary somatosensory cortex
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stimulation on visual cortex, with 200 µm in electrode diameter and 75 µm in electrode thickness [41].
Schendel’s team designed a µECoG device, with 200 µm in electrode diameter, 750 µm in spacing, and 25 µm
in electrode thickness [42]. Park’s team applied a graphene-based electrode array on rats, with 150–200 µm
in electrode diameter [43]. Our electrode array contained 14 detection sites with a diameter of 60 µm to
cover the rat primary somatosensory cortex region. With this distribution, it could locate abnormal neural
activity with higher accuracy and finer spatial resolution. Moreover, the thickness of our array was 20 µm.
The thin structure had good flexibility to establish reliable contact with the cortex, and the insulation layer
was also one of the key factors affecting the neural detection. The thickness of the electrode insulation layer
of Chou’s team [25] and Adrega’s team [26] was 5.89 µm and 6 µm, respectively. The insulation layer should
be as thin as possible to facilitate close attachment of electrode sites to the nerve cells. The insulation layer of
silicon-based implantable microelectrodes is usually a few hundred nanometers (for example 800 nm [30]).
The parylene insulation thickness of our electrode array was 1–1.5 µm. Parylene within 1 µm cannot be a
dense film. It depends on the quality of the parylene coating machine. Taken together, our electrode array
has good performance in terms of spatial resolution and reliable contact, which is essential for obtaining
high quality signals. In addition, instead of the invasive electrodes penetrating the cortex, the lightweight
structure of our electrode makes it less damaging to the brain tissue. Furthermore, our recording sites are
modified by nanoparticles, which enables sensitive sensing interface. The performance of nanoparticles in
reducing impedance and improving signal-to-noise ratio (SNR) has been confirmed in another study [44].
Our electrode sites have low impedance and are in close contact with cortical cells, which facilitate high
quality detection of cortical signals.
Overexcitation of neuronal populations can cause paroxysmal brain dysfunction, manifested as
significant abnormality in electrical signals [45]. In this study, we demonstrated that neuronal populations
of primary somatosensory cortex showed hypsarrhythmia rhythm and continuous or periodic spike
wave electrical signals at epileptiform state, with an increase in both amplitude and power. We illustrated
that GABA had an inhibitory effect on neurons. Other studies have also delivered GABA to treat cortical
seizures [46]. In addition, in the frequency domain, delta band showed significant changes, which were
highly related to the cortical epileptiform activity. Previous researches based on EEG have reported that
delta activity can be an accurate indicator of seizures, and a marker of cortical dysfunction caused by
epilepsy brain injury [47,48].
Table 1. Comparison of parameters (material, size, and thickness) in different µECoG electrodes.
Author

Material

Animal

Orsborn [40]

Polyimide

non-human primate

Kwon [41]

Parylene

Rat

Schendel [42]

Parylene

Rat

Park [43]
Ochoa [29]
Chou [25]
Adrega [26]
Minev [49]
This work

Parylene
PDMS and parylene
PDMS and parylene
PDMS
PDMS
PDMS and parylene

Rat
Rat
Rat
Rat

Size
200 µm (diameter)
750–1500 µm (spacing)
200 µm (diameter)
200 µm (diameter)
750 µm (spacing)
150–200 µm (diameter)
90 µm (diameter)
200–300 µm (square)
300 µm (diameter)
60 µm (diameter)

Thickness
75 µm
25 µm
100–200 µm
140 µm
70 µm
120 µm
20 µm

Monitoring changes in amplitude and frequency bands of neural electrical signals could help
to detect and locate lesions. The flexible ECoG electrode array provides a promising brain–machine
interface platform for further study on epilepsy, seizure detection, and precise localization.
5. Conclusions
In this study, we designed and fabricated a flexible ECoG electrode array based on PDMS and
parylene for real-time recording of cortical neural activity. The PDMS and parylene substrate showed
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advantages in flexibility. PtNPs modified microelectrode sites were in close contact with the cerebral
cortex, which enabled sensitive sensing interface. Multiple microrecording sites were distributed on
the rat primary somatosensory cortex. On the basis of this arrangement, it could locate the abnormal
neural activity with higher accuracy and finer spatial resolution. The electrode array could capture
cortical electrical activity in real time and reflect changes under drug modulation. Differences in
electrical activity between normal and epileptiform states help to detect and locate lesions.
Our flexible ECoG electrode array provides an effective tool for monitoring cortical neural activity.
In the future, we plan to further study the electrical characteristics of epileptic activity, which are of
great significance for detecting seizures, locating cortical dysfunction regions, and studying the brain
network connection.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/8/732/s1.
Figure S1: The power of LFPs in multiple frequency bands (Delta (1–4 Hz), Theta (4–8 Hz), Alpha (8–13 Hz),
and Beta (13–30 Hz)) at normal and epileptiform states. The data was from Figure 6. The power from three
channels were calculated. The power in delta frequency band, theta frequency band, alpha frequency band and
beta frequency band increased from 1.50 µW, 0.62 µW and 0.44 µW, 0.35 µW to 292.47 µW, 116.37 µW, 107.45 µW
and 126.86 µW, respectively. Figure S2: The power of LFPs in multiple frequency bands (Delta (1–4 Hz), Theta
(4–8 Hz), Alpha (8–13 Hz), and Beta (13–30 Hz)) at normal and epileptiform states. The power from six channels
were calculated. The power in delta frequency band, theta frequency band, alpha frequency band and beta
frequency band increased from 0.65 µW, 0.50 µW and 0.44 µW, 0.38 µW to 353.27 µW, 101.36 µW, 72.39 µW and
36.98 µW, respectively.
Author Contributions: Conceptualization, X.L., Y.S., L.Z., D.Y., T.H.T., and X.C.; Data curation, X.L.; Formal
analysis, X.L., and G.X.; Funding acquisition, X.C.; Investigation, X.L., J.X., Y.D., and Y.X.; Methodology, X.L., Y.S.,
and G.X.; Project administration, X.C.; Resources, J.X., Y.D., Y.W., Y.X., L.Z., and D.Y.; Software, E.H., and S.X.;
Supervision, X.C.; Validation, X.L.; Visualization, X.L.; Writing—original draft, X.L.; Writing—review and editing,
Y.S. All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by the National Key Research and Development Program of Nano Science and
Technology of China (2017YFA0205902), the NSFC (no. 61960206012, no. 61527815, no. 61975206, no. 61971400, no.
61973292, no. 61775216), and the Key Research Programs of Frontier Sciences, CAS (QYZDJ-SSW-SYS015).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.
5.
6.
7.
8.

9.

Sun, D.A.; Sombati, S.; DeLorenzo, R.J. Glutamate injury-induced epileptogenesis in hippocampal neurons:
An in vitro model of stroke-induced “epilepsy”. Stroke 2001, 32, 2344–2350. [CrossRef] [PubMed]
Xiao, G.; Zhang, Y.; Xu, S.; Song, Y.; Dai, Y.; Li, X.; Xie, J.; Wang, Y.; Xing, Y.; Cai, X. High resolution functional
localization of epileptogenic focus with glutamate and electrical signals detection by ultramicroelectrode
arrays. Sens. Actuators B Chem. 2020, 317, 128137. [CrossRef]
Li, Z.; Song, Y.; Xiao, G.; Gao, F.; Xu, S.; Wang, M.; Zhang, Y.; Guo, F.; Liu, J.; Xia, Y.; et al. Bio-electrochemical
microelectrode arrays for glutamate and electrophysiology detection in hippocampus of temporal lobe
epileptic rats. Anal. Biochem. 2018, 550, 123–131. [CrossRef] [PubMed]
Burke, J.P.; Hablitz, J.J. Metabortropic glutamate receptor activation decreases epileptiform activity in rat
neocortex. Neurosci. Lett. 1994, 174, 29–33. [CrossRef]
Amara, S.G.; Fontana, A.C.K. Excitatory amino acid transporters: Keeping up with glutamate. Neurochem. Int.
2002, 41, 313–318. [CrossRef]
Wang, H.; Wang, Z.A.; He, R.R. [Adenosine inhibits spontaneous and glutamate induced discharges of
hippocampal CA1 neurons]. Acta Physiol. Sin. 2000, 52, 281–286.
Schramm, J.; Clusmann, H. THE SURGERY OF EPILEPSY. Neurosurgery 2008, 62, 463–481. [CrossRef]
Parvez, M.Z.; Paul, M. EEG signal classification using frequency band analysis towards epileptic seizure
prediction. In Proceedings of the 16th Int’l Conf. Computer and Information Technology, Khulna, Bangladesh,
8–10 March 2014; pp. 126–130.
Toda, H.; Suzuki, T.; Sawahata, H.; Majima, K.; Kamitani, Y.; Hasegawa, I. Simultaneous recording of ECoG
and intracortical neuronal activity using a flexible multichannel electrode-mesh in visual cortex. Neuroimage
2011, 54, 203–212. [CrossRef]

Micromachines 2020, 11, 732

10.
11.

12.
13.
14.

15.

16.

17.
18.
19.

20.
21.

22.

23.

24.
25.
26.
27.
28.
29.
30.

31.

12 of 13

Seymour, J.P.; Wu, F.; Wise, K.D.; Yoon, E. State-of-the-art mems and microsystem tools for brain research.
Microsyst. Nanoeng. 2017, 3, 1–16. [CrossRef]
Chou, L.-C.; Tsai, S.-W.; Chang, W.-L.; Chiou, J.-C.; Chiu, T.-W. A parylene-C based 16 channels flexible
bio-electrode for ECoG recording. In Proceedings of the IEEE SENSORS 2014 Proceedings, Valencia, Spain,
2–5 November 2014; pp. 877–880.
Buzsáki, G.; Anastassiou, C.A.; Koch, C. The origin of extracellular fields and currents—EEG, ECoG, LFP
and spikes. Nat. Rev. Neurosci. 2012, 13, 407–420. [CrossRef]
Yang, T.; Hakimian, S.; Schwartz, T.H. Intraoperative ElectroCorticoGraphy (ECog): Indications, techniques,
and utility in epilepsy surgery. Epilept. Disord. 2014, 16, 271–279. [CrossRef] [PubMed]
Molina-Luna, K.; Buitrago, M.M.; Hertler, B.; Schubring, M.; Haiss, F.; Nisch, W.; Schulz, J.B.; Luft, A.R. Cortical
stimulation mapping using epidurally implanted thin-film microelectrode arrays. J. Neurosci. Methods 2007, 161,
118–125. [CrossRef] [PubMed]
Shokoueinejad, M.; Park, D.W.; Jung, Y.H.; Brodnick, S.K.; Novello, J.; Dingle, A.; Swanson, K.I.; Baek, D.H.;
Suminski, A.J.; Lake, W.B.; et al. Progress in the field of micro-electrocorticography. Micromachines 2019, 10, 62.
[CrossRef] [PubMed]
Guo, L.; Guvanasen, G.S.; Liu, X.; Tuthill, C.; Nichols, T.R.; DeWeerth, S.P. A PDMS-Based Integrated
Stretchable Microelectrode Array (isMEA) for Neural and Muscular Surface Interfacing. IEEE Trans. Biomed.
Circuits Syst. 2013, 7, 1–10. [CrossRef]
Tybrandt, K.; Khodagholy, D.; Dielacher, B.; Stauffer, F.; Renz, A.F.; Buzsáki, G.; Vörös, J. High-Density
Stretchable Electrode Grids for Chronic Neural Recording. Adv. Mater. 2018, 30, 1–7. [CrossRef]
Khodagholy, D.; Gelinas, J.N.; Thesen, T.; Doyle, W.; Devinsky, O.; Malliaras, G.G.; Buzsáki, G. NeuroGrid:
Recording action potentials from the surface of the brain. Nat. Neurosci. 2015, 18, 310–315. [CrossRef]
Xu, H.; Hirschberg, A.W.; Scholten, K.; Meng, E.; Berger, T.W.; Song, D. Application of Parylene-Based
Flexible Multi-Electrode Array for Recording from Subcortical Brain Regions from Behaving Rats. Proc.
Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. EMBS 2018, 2018, 4599–4602. [CrossRef]
Yeager, J.D.; Phillips, D.J.; Rector, D.M.; Bahr, D.F. Characterization of flexible ECoG electrode arrays for
chronic recording in awake rats. J. Neurosci. Methods 2008, 173, 279–285. [CrossRef]
Viventi, J.; Kim, D.-H.; Vigeland, L.; Frechette, E.S.; Blanco, J.A.; Kim, Y.-S.; Avrin, A.E.; Tiruvadi, V.R.;
Hwang, S.-W.; Vanleer, A.C.; et al. Flexible, foldable, actively multiplexed, high-density electrode array for
mapping brain activity in vivo. Nat. Neurosci. 2011, 14, 1599–1605. [CrossRef]
Park, A.H.; Lee, S.H.; Lee, C.; Kim, J.; Lee, H.E.; Paik, S.-B.; Lee, K.J.; Kim, D. Optogenetic Mapping of
Functional Connectivity in Freely Moving Mice via Insertable Wrapping Electrode Array Beneath the Skull.
ACS Nano 2016, 10, 2791–2802. [CrossRef]
Meacham, K.W.; Giuly, R.J.; Guo, L.; Hochman, S.; DeWeerth, S.P. A lithographically-patterned, elastic
multi-electrode array for surface stimulation of the spinal cord. Biomed. Microdevices 2008, 10, 259–269.
[CrossRef]
Lacour, S.P.; Courtine, G.; Guck, J. Materials and technologies for soft implantable neuroprostheses. Nat. Rev. Mater.
2016, 1, 16063. [CrossRef]
Chou, N.; Yoo, S.; Kim, S. A largely deformable surface type neural electrode array based on PDMS. IEEE Trans.
Neural Syst. Rehabil. Eng. 2013, 21, 544–553. [CrossRef] [PubMed]
Adrega, T.; Lacour, S.P. Stretchable gold conductors embedded in PDMS and patterned by photolithography:
Fabrication and electromechanical characterization. J. Micromech. Microeng. 2010, 20. [CrossRef]
Chou, N.; Jeong, J.; Kim, S. Crack-free and reliable lithographical patterning methods on PDMS substrate.
J. Micromech. Microeng. 2013, 23, 125035. [CrossRef]
Lee, J.H.; Hwang, K.S.; Kim, T.S.; Seong, J.W.; Yoon, K.H.; Ahn, S. Effect of oxygen plasma treatment on
adhesion improvement of Au deposited on Pa-c substrates. J. Korean Phys. Soc. 2004, 44, 1177–1187.
Ochoa, M.; Wei, P.; Wolley, A.J.; Otto, K.J.; Ziaie, B. A hybrid PDMS-Parylene subdural multi-electrode array.
Biomed. Microdevices 2013, 15, 437–443. [CrossRef]
Zhang, S.; Song, Y.; Wang, M.; Zhang, Z.; Fan, X.; Song, X.; Zhuang, P.; Yue, F.; Chan, P.; Cai, X. A silicon
based implantable microelectrode array for electrophysiological and dopamine recording from cortex to
striatum in the non-human primate brain. Biosens. Bioelectron. 2016, 85, 53–61. [CrossRef]
Hamdan, S.K.; Mohd Zain, A. In vivo Electrochemical Biosensor for Brain Glutamate Detection: A Mini
Review. Malays. J. Med. Sci. 2014, 21, 12–26.

Micromachines 2020, 11, 732

32.
33.

34.
35.
36.
37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

13 of 13

Bradford, H.F. Glutamate, GABA and epilepsy. Prog. Neurobiol. 1995, 47, 477–511. [CrossRef]
Gao, F.; Cai, X.; Xiao, G.; Song, Y.; Wang, M.; Li, Z.; Zhang, Y.; Xu, S.; Xie, J.; Yin, H. Recording of Neural
Activity With Modulation of Photolysis of Caged Compounds Using Microelectrode Arrays in Rats With
Seizures. IEEE Trans. Biomed. Eng. 2019, 66, 3080–3087. [CrossRef] [PubMed]
Rubehn, B.; Bosman, C.; Oostenveld, R.; Fries, P.; Stieglitz, T. A MEMS-based flexible multichannel
ECoG-electrode array. J. Neural Eng. 2009, 6, 036003. [CrossRef] [PubMed]
Katzner, S.; Nauhaus, I.; Benucci, A.; Bonin, V.; Ringach, D.L.; Carandini, M. Local Origin of Field Potentials
in Visual Cortex. Neuron 2009, 61, 35–41. [CrossRef] [PubMed]
Holmes, G.L. Role of glutamate and GABA in the pathophysiology of epilepsy. Ment. Retard. Dev. Disabil.
Res. Rev. 1995, 1, 208–219. [CrossRef]
Song, Y.; Xiao, G.; Li, Z.; Gao, F.; Wang, M.; Xu, S.; Cai, X. Electrophysiological Detection of Cortical Neurons
under Gamma-Aminobutyric Acid and Glutamate Modulation Based on Implantable Microelectrode Array
Combined with Microinjection*. In Proceedings of the 2018 40th Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), Honolulu, HI, USA, 17–21 July 2018; pp. 4583–4586.
Sharma, A. Epileptic seizure prediction using power analysis in beta band of EEG signals. In Proceedings of
the 2015 International Conference on Soft Computing Techniques and Implementations (ICSCTI), Faridabad,
India, 8–10 October 2015; pp. 117–121.
Moshé, S.L.; Perucca, E.; Ryvlin, P.; Tomson, T. Epilepsy: New advances. Lancet 2015, 385, 884–898. [CrossRef]
Orsborn, A.L.; Wang, C.; Chiang, K.; Maharbiz, M.M.; Viventi, J.; Pesaran, B. Semi-chronic chamber system
for simultaneous subdural electrocorticography, local field potentials, and spike recordings. Int. IEEE/EMBS
Conf. Neural Eng. NER 2015, 2015, 398–401. [CrossRef]
Kwon, K.Y.; Sirowatka, B.; Weber, A.; Li, W. Opto-µ ECoG array: A hybrid neural interface with transparent
µ ECoG electrode array and integrated LEDs for optogenetics. IEEE Trans. Biomed. Circuits Syst. 2013, 7,
593–600. [CrossRef]
Schendel, A.A.; Thongpang, S.; Brodnick, S.K.; Richner, T.J.; Lindevig, B.D.B.; Krugner-Higby, L.; Williams, J.C.
A cranial window imaging method for monitoring vascular growth around chronically implanted micro-ECoG
devices. J. Neurosci. Methods 2013, 218, 121–130. [CrossRef]
Park, D.W.; Schendel, A.A.; Mikael, S.; Brodnick, S.K.; Richner, T.J.; Ness, J.P.; Hayat, M.R.; Atry, F.; Frye, S.T.;
Pashaie, R.; et al. Graphene-based carbon-layered electrode array technology for neural imaging and
optogenetic applications. Nat. Commun. 2014, 5, 1–11. [CrossRef]
Zhang, S.; Song, Y.; Wang, M.; Xiao, G.; Gao, F.; Li, Z.; Tao, G.; Zhuang, P.; Yue, F.; Chan, P.; et al. Real-time
simultaneous recording of electrophysiological activities and dopamine overflow in the deep brain nuclei of
a non-human primate with Parkinson’s disease using nano-based microelectrode arrays. Microsyst. Nanoeng.
2018, 4, 1–9. [CrossRef]
Xiao, G.; Xu, S.; Song, Y.; Zhang, Y.; Li, Z.; Gao, F.; Xie, J.; Sha, L.; Xu, Q.; Shen, Y.; et al. In situ detection of
neurotransmitters and epileptiform electrophysiology activity in awake mice brains using a nanocomposites
modified microelectrode array. Sens. Actuators B Chem. 2019, 288, 601–610. [CrossRef]
John, J.E.; Baptiste, S.L.; Sheffield, L.G.; von Gizycki, H.; Kuzniecky, R.I.; Devinsky, O.; Ludvig, N.
Transmeningeal delivery of GABA to control neocortical seizures in rats. Epilepsy Res. 2007, 75, 10–17.
[CrossRef] [PubMed]
Huppertz, H.J.; Hof, E.; Klisch, J.; Wagner, M.; Lücking, C.H.; Kristeva-Feige, R. Localization of interictal
delta and epileptiform EEG activity associated with focal epileptogenic brain lesions. Neuroimage 2001, 13,
15–28. [CrossRef] [PubMed]
Gambardella, A.; Gotman, J.; Cendes, F.; Andermann, F. Focal Intermittent Delta Activity in Patients
with Mesiotemporal Atrophy: A Reliable Marker of the Epileptogenic Focus. Epilepsia 1995, 36, 122–129.
[CrossRef]
Minev, I.R.; Musienko, P.; Hirsch, A.; Barraud, Q.; Wenger, N.; Moraud, E.M.; Gandar, J.; Capogrosso, M.;
Milekovic, T.; Asboth, L.; et al. Electronic dura mater for long-term multimodal neural interfaces. Science
2015, 347, 159–163. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

