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Abstract

Electrocorticography (ECoG) has garnered widespread attention due to its
superior signal resolution compared to conventional electroencephalogram (EEG).
While ECoG signal acquisition entails invasiveness, the invasive rigid electrode
inevitably inflicts damage on brain tissue. Polymer electrodes that combine
conductivity and transparency have garnered great interest, due to that they not only
facilitate high-quality signal acquisition but also provide additional insights while
preserving the health of the brain, positioning them as the future frontier in the brain-

computer interface (BCI). This review summarizes the multifaceted functions of
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polymers in ECoG thin-film electrode for BCI. We present the abilities of sensiivednd’ #0209
structural polymers focusing on the impedance reduce, signal quality improvement,
good flexibility, and transparency. Typically, two sensitive polymers and four structural
polymers are detailed analyzed in properties for ECoG electrode. Moreover, the
underlying mechanism of polymer-based electrode in signal quality enhancement are

also revealed. Finally, the remaining challenges and perspectives are also discussed.
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1. Introduction DOI: 10.1039/D4TB02090A

Brain-computer interface (BCI) is the technology that transmits biopotential
signals generated by stimulating neurons in the brain to external electronic devices,
enabling artificial control and intervention!!- > 31, Electrocorticography (ECoG) is
obtained through the thin film electrodes on the skull of brain, resulting in higher
electrical signal intensity than Electroencephalogram (EEG) that is recorded on the
scalp invasively. Both of them are highly suitable for BCI application to monitor health
status.[* 3. 6. 71 Additionally, BCI has also been employed for drug delivery!® °I through
the implantation of microchannel electrodes, offering treatments for neurological
disorders, such as epilepsy, Alzheimer’s disease, and Parkinson's diseasel!?l. These
advances in BCI technology possess great promise for neural healthcare management
and artificial intelligence.['!]

To meet the demands of BCI development, it is crucial to record stable and high-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

quality biopotential signals, which has led to increased attention on electrodes.!'? 1]

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

The electrodes for the brain potential recording can be categorized into non-invasive,
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semi-invasive, and invasive electrodes. Non-invasive electrodes are always used to
monitor brain alpha and beta rhythms (0~40 Hz) through external monitoring,
completely avoiding interference with brain tissue. Performance distinctions among
three different types of electrodes exhibiting varying degrees of invasiveness are
outlined in Table 1, and the differentiation between these diverse signals is listed in
Table 2.['*) However, non-invasive electrodes are strongly affected by the skull, and

the signal quality of them may not meet the requirements for deeper-level research. The
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invasive electrodes penetrate into the brain to obtain high-resolution biopdteéftial’ > ™*°27%

signals, like local field potential (LFP) and action potential (AP). However, these
invasive electrodes are made of rigid materials like steel, which is not flexible for brain
tissue.['3] This leads to tissue damage during experiments, limiting subject mobility.
Moreover, long-term implantation of probes leads to the accumulation of glial sheaths
around the probe,!- 16-17. 18,19, 20] reducing the electrode's stability.[?!- 2] Semi-invasive
electrodes especially ECoG electrodes primarily consist of two-dimensional thin-film.
These thin-film electrodes are typically placed under the hard meninges on the surface
of the cerebral cortex and can record ECoG signals with high bandwidth and low
noise.[?3! These collected good signals contribute to the study of BCI. Due to the good
elastic properties of thin-film materials, electrode implantation causes minimal
interference to brain tissue, making it a subject of interest. In recent years, research on
semi-invasive electrodes has attracted great attention.l?*- 231 The recent development of
ECoG thin-film electrodes is shown in Figure 1.

Table 1. Comparison of three different types of electrodes in skull filtration,

craniotomy, and nerve injury.

Skull
Type Craniotomy Nerve injury Ref
filtration
Non-invasive Yes None None [26]
Semi-invasive No Craniotomy None 23]

Invasive No Craniotomy Nerve injury [27, 28]
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Table 2. Neural signal comparisonl!4] POI101039/D4TB02090A

Sign Frequency Amplitude Rhythm Stability
EEG 0.5~100 Hz 5~300 puVv Slow rhythms Decades
ECoG <200 Hz 0.01~5 mV Medium rhythms Decades
LFP <200 Hz 0.01~1 mV — Year
AP 0.1~7 kHz 500 pv — Month
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Figure 1. (a) Development of ECoG thin-film electrodes. Reprinted with permission
from [2°1, Copyright 2023, American Chemical Society. Reprinted with permission from
[301. Copyright 2022, Elsevier. Reprinted with permission from [3!1. Copyright 2021,
American Chemical Society. Reprinted with permission from [321. Copyright 2020,
Journal of Materiomics. Reprinted with permission from B331. Copyright 2019, Scientific
Reports. Reprinted with permission from B34, Copyright 2018, Elsevier. Reprinted with

permission from 331, Copyright 2017, Elsevier.
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The configuration of semi-invasive electrodes requires good shape contact with
the brain. However, traditional ECoG electrodes, due to the rigidity of silicon-based
substrates and metal conductors, mismatch the request on the mechanical properties of
brain tissue.’®) Polymer materials provide an excellent solution to avoid this
mechanical mismatch. Conventional polymer materials have a low Young's modulus;
for example, polydimethylsiloxane (PDMS)[31-37.38,39.40.41,42.43] "nolyimide (PT)[*4 and
parylenel31: 32, 38, 40, 43, 45, 46, 47, 48, 49, 50, 51, 32, 33, 54, 53] Some studies have achieved both
high tensile strength and good transparency by using a combination of two polymer
films. This opens up possibilities for further application of ECoG electrodes in
optogenetics, providing the potential for external control of the brain. PI can be used to
form flexible films for circuit integration and active electronic devices through spin
coating and electrospinning.3% 371 Liquid crystal polymer (LCP) has also received more
attention due to its excellent biocompatibility.[’8 3% 691 Furthermore, to improve the
conformal contact between the electrode and brain tissue, conductive polymers are
typically coated on the surface of a metal layer. These polymer materials reduce the
contact impedance between electrode and skin interface, due to their good conductivity
and flexibility compared to metal materials. Poly(3.,4-
ethylenedioxythiophene):poly(styrene  sulfonate) (PEDOT:PSS) have  high
transparency and good conductivity, these properties make this material widely used in
the preparation of electrophysiological electrodes. Sergio et al. introduced PEDOT:PSS

into Pt electrodes by electroplating, leading to the lower electrochemical impedance by
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approximately 30 times (from 971007 Q to 30407.6 Q) at 1 kHz compared to the'barg’>*#92°°"
Pt electrode. Polymer can significantly improve the signal quality of ECoG, it has
become one of the most critical electrode components for brain biopotential recording.
With the growing interest in BCI, more and more articles are being published on
the understanding of this interdisciplinary field.[''] In terms of engineering, there is a
focus on achieving more extensive and long-term recordings.[®!] These reports focused
on the development, prospects, and application scenarios of BCIs.[?! In terms of
materials science, conductive materials such as silicon-based materialsl®3], fiber
materials!®4, conjugated polymer materials[®’), and semiconductor polymer materials(®¢]
have been reviewed and discussed. However, most of these reviews introduced the
electrodes only by their physiochemical properties. There is still lack a comprehensive
discussion about the correlation between the structure, properties and signal

performance.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

In this work, the electrode performance was classified based on the detection
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requirements of ECoG signals, including electrical properties, mechanical properties,
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and optical properties. The criteria to be considered mainly include electrode-skin
impedance, Young's modulus, and transparency, are summarized. According to our
investigation, the addition of polymer materials has brought improvements to ECoG
thin-film electrodes in terms of conductivity and flexibility, demonstrating the potential
for enhancing electrode signal quality. In order to clearly distinguish these polymer
materials, they are divided into two categories based on their contribution to electrode

properties. The one is sensitive materials, like PEDOT and PPy were contact with skin
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because of their high conductivity. The other is structure materials, “like™*®7*%°%"
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polydimethylsiloxane, parylene, polyimide, liquid crystal polymer etc. were commonly
used for the substrate and insulation layer of ECoG thin-film electrode. the available
electrode preparation methods and relevant properties are discussed. Finally, the
challenges and perspectives of polymer-based ECoG thin-film electrodes are also

discussed.

2. Characteristics of Polymer Materials

ECoG thin-film electrodes are divided into two parts: sensitive materials and
structural materials. The sensitive materials provide the electrical properties required
for the electrodes, while the structural materials like substrate, insulation layer and
sacrificial layer provide the mechanical and optical properties required for the
electrodes such as structural support, adhesion of metals, and improvement of
transmittance.[!%]

The electrode materials and thin-film materials for ECoG thin-film electrodes are
compared in Table 3. The performance of electrodes with different materials, including
sensitive materials of Ti, Au, Cr, Pt, indium tin oxide (ITO), poly(3.4-
ethylenedioxythiophene)-modified carbon fabric (PEDOT-CF), PEDOT:PSS,
multiwalled carbon nanotubes (MWCNTs), and structure materials of polyvinyl alcohol

(PVA), PDMS, PI, and polyethylene glycol terephthalate (PET) are listed.
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Table 3. The materials and properties of the ECoG thin-film electrodes.

Journal of Materials Chemistry B

Sensitive materials

Structural materials

Property

Ref

1 Ti/Au
2 Ti/Au
3 Au
4 Au
5 Au
6 Pt

parylene C and PDMS

parylene C

PI

PI
parylene and PDMS

OSTEMER 324 Flex

Bending cycle reaches 200000 times
Impedance is 12.65 kQ at 1 kHz
charge storage capacity is 207.5 uCem->
Impedance is 10*Q level at 1 kHz
Long-term recording stability
Impedance is 107 Q level at 1 kHz
max strain less than 0.03% at 3.8 mm bending radius
Impedance is 1.1 £ 1.2 kQ at 1 kHz
Impedance between 50 and 70 kQ at 1 kHz

Surface curvature adapts to the brain

[38]

[51]

[67]

[68]

(48]

[69]
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10

11

12

13

14

15

16

Cr/Au
Cr/Au/Pt
Pt

Glassy Carbon

Glassy Carbon

ITO

ITO

ITO
Carbon nanotube

array

PEDOT-CF

Journal of Materials Chemistry B

BPDA-PD PI
parylene C
PI2611

PI

PI

parylene C and PDMS
PI

parylene HT

PDMS

PVA hydrogel and PDMS

Waterprootness
Transparent
Impedance is 10> Q level at 1 kHz
Impedance is 10* Q level at 1 kHz (300 um)
Impedance is 10* Q level at 1 kHz
Long-term recording stability
Transparent
Transparent
Transparent
Transparent
Extracellular ion monitoring
Shape adaptability

Double layer capacitance is 70 mF cm™

Page 10 of 47

[70]

[47]

[25]

[71]

[72]

[52]

[34]

[50]

[41]

[33]


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02090a

e 110of47

Thisarticleislicensed under a Creative Commons Attribution 3.0 lﬁportw

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/20244:14

(ec)

17

18

19

20

21

22

PEDOT:Nafion coated

gold

PEDOT:PSS-ITO-

Ag-1TO

(MWCNTs)/
PEDOT:PSS
Silver and
PEDOT:PSS
Cr/Au/Ti coated
PEDOT-CNT
PEDOT:PSS coated

Pt/Au/Pt

Journal of Materials Chemistry B

PI

parylene C

PDMS—parylene hybrid

PET and parylene

PI

parylene C and PDMS

|Z| values are about 100 kQ at 1 kHz

Young's modulus is about 4.064 GPa

The resistivity of the average thin layer resistance is 7.40 x 107> Q cm

Transparent

Average Impedance is 20.2 £ 7.9 kQ at 1 kHz

Transparent
Impedance is 81.4 = 53.4 kQ at 1 kHz

Transparent

Impedance is 10° Q level at 1 kHz

Impedance is 30.4 £2.4 kQ at 1 kHz

Transparent

[73]

[49]

[31]

[74]

[75]

[43]
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2.1 Electrical properties DOI: 10.1039/DATBO2090A
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Acquiring ECoG signals necessitates electrode materials possessing favorable
electrical characteristics. For polymer materials, conductive polymers (CPs)["® with
lower impedance are often used for electrodes. These CPs encompass organic
polymeric conductors, such as PEDOT, polypyrrole (PPy), and polyaniline (PANI)[77-
81, PPy is a biocompatible substance extensively employed in biomedical scenarios,
and it can be synthesized via chemical oxidation, electrochemical oxidation, and
photopolymerization methods.[””1 PANI offers the advantages of cost-effectiveness and
ease of synthesis. Nevertheless, the primary polymer chain's rigidity renders to engage
in machining operations.!8%- 31 PEDOT exhibits the advantages of good suppleness, high
transparency, and good conductivity.[¥?] Incorporating PSS into PEDOT yields water-
soluble PEDOT:PSS, thereby enhancing its processing performance.[83- 34

CPs can be modified onto the electrode surface via coating or electroplating
methods, with the intention of mitigating electrode impedance. Sergio et al. employed
electroplating to coat PEDOT:PSS onto the Pt electrode, reducing the electrochemical
impedance by 30 fold.[*3] Figure 2a illustrates the contact impedance of PANI-coated
electrodes and bare electrodes. The PANI coating leads to a reduction in electrode
contact impedance (Z = 120 Q cm? vs. Z = 1808 Q cm?).1%] Similarly, the same trend
is observed with PPy coating. Rikky et al. compared the impedance of PPy+FOS (blue)
with those of gold (red), unveiling a decrease in electrode impedance following PPy
coating (Figure 2b).[8] Saeed et al. enhanced the conductivity from 10* to 10 by

introducing oligoaniline into the composition.[¥9] Yang et al. designed and added
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PEDOT:PSS on the surface of ITO-Ag-ITO structure, which greatly redii¢ed”thg’>*m8020%%
electrode impedance.[*”] Moreover, the PEDOT:PSS coating further decreases the
impedance. Castagnola et al. shows that the impedance Gold-CNT-coated electrode
impedance diminished by two-thirds compared to the bared sample, and PEDOT-
CNT-coated electrode achieved a two-order decrease in impedance at 100 Hz compared
to the uncoated electrode.[}”] Moreover, the electrical performance of the electrode is
related to its size, as the electrode diameter decreases, the background noise within the
acquired signal exhibits a concurrent rise (Figure 2c). However, small-sized ECoG
electrodes are crucial for conducting experiments and maintaining better electrical
property of ECoG electrodes at small sizes has become a challenge. Enhancing the
material's electrical conductivity offers the mean to reduction of background noise. [7!]
Following the application of PEDOT:PSS coating onto a glassy carbon (GC) electrode

with a 50 um thickness, a background noise intensity is similar to a 300 pm diameter

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

electrode can be achieved. This consequently mitigates the noise stemming from the

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

reduction in electrode area.
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Figure 2. (a) The contact impedance between PANI coated electrode and bare electrode.
Reprinted with permission from 8% Copyright 2021, Elsevier. (b) Impedance diagram between
PPy coated electrode and bare electrode. Reprinted with permission from & Copyright 2016,
Elsevier. (c) The electrode noise effects of GC electrodes with different areas with PEDOT:PSS.

Reprinted with permission from 71 Copyright 2018, MDPI.

2.2 Mechanical properties

The mechanical properties of the electrode are determined by its Young's
modulus.[®% 3] Polymer materials exhibit a similarity to brain tissue in terms of Young's
modulus, distinguishing them from metal and non-metallic carbon-based materials
(Figure 3). The reported flexible substrate materials for electrodes include PI, PDMS,
parylene, and LCP. These materials enable the electrode to achieve good flexibility and
stretchability, resulting in improved comfort and good contact to the skin and

underlying tissue. As a result of this increased flexibility, the electrode achieves
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: 212 . .l . DOI: 10.1039/D4TB02090A
improved accuracy and stability in acquiring ECoG signals. !

Wu et al. mentioned that the modulus of brain tissue is about 100KPa, and the
implantable Si electrode is about 150 GPa, this big mismatch will cause mechanical
trauma, resulting in acute inflammation. They also measured the modules of hydrogels:
~100 kPa, Au: ~80 GPa, CNT: ~1 TPa. Wang et al. reported that the modulus of white
mater and grey matter is about 300 Pa and 450 Pa, and dura mater is about 1 MPa.
Guo et al. demonstrated the Young's modulus of different soft film materials (PDMS:
~1 MPa, PI: ~2.8 GPa, parylene: ~4.5 GPa, SU-8: ~5.6 GPa). Yang et al.claimed that
the modulus of LCP is from MPa to GPa level. From the perspective of mechanical
properties, hydrogel seems to be the most suitable material, but it is seriously affected
by the moisture condition and has high requirements for the use environment.

In many cases, PDMS and LCP emerge as more flexible options for a wide range

of microfluidic applications and biomedical devices. Their flexibility and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

biocompatibility render them preferable choices. Conversely, in settings necessitating

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

printed circuits or stringent conditions, PI stands out as an excellent option due to its

(cc)

high temperature stability and chemical inertness, enabling optimal performance even
under extreme circumstances. Moreover, parylene demonstrates proficiency in bonding
with sensitive materials. Its highly uniform coating and good chemical inertness
establish it as a frequently utilized protective coating in both biomedical and electronic

devices.
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PDMS DOI: 10.1039/D4TB02090A

Hydrogels LCP Pl
matter
Dura
matter Au CNT

Brain
tissue

10° 10° 106 10° 102 (Pa)
Figure 3. The Young's modulus of various materials, cell and brain tissue (scale bar). Data

derived from [ 30. 42, 58]

2.3 Optical properties

In contrast to many metal and inorganic non-metallic counterparts, polymer
materials typically exhibit superior light transmittance. This is beneficial for stimulating
the brain with light to achieve disease treatment. The schematic diagram of light
stimulation is shown in Figure 4a. Figure 4b shows an ECoG thin-film electrode made
of various polymer materials, which has good transparency.B% For example,
optogenetics affords targeted neuronal manipulation with millisecond precision,!?]
enabling the potential artificial regulation of brain nerve excitation through light
stimulation for addressing neurodegenerative disorders, 1i.e. Parkinson's disease,
epilepsy, and depression.!] Facilitated by highly light-transmissive ECoG electrodes,
researchers employed optogenetics to modulate channel protein activity within the
mouse brain, thus controlling nerve excitation and inhibition. Therefore, in recent years,

there has been a growing research on the application of transparent polymer materials
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in ECoG electrodes.®?] POI101039/D4TB02090A
Concerning optical properties, glass is commonly used as an inorganic transparent
material for comparison, and indium-doped tin oxide (ITO) constitutes a commonly
used transparent thin-film material.[”?] Yang et al. conducted a comparison of
transmittance between ITO and PEDOT:PSS-ITO-Ag-ITO multilayer films on glass
and parylene C substrates. They noted an increase in transmittance on parylene C
substrates from 78% (ITO) to 85% (multilayered film). Similarly, on glass substrates,
the transmittance rises from roughly 75% (ITO) to about 89% (multilayered film). The
study validated that the parylene C multilayered film achieves transmittance at
wavelengths of 470 nm, 550 nm, and 630 nm.[46] Similarly, the electrode coated with
PEDOT: PSS by Yang et al. showed stable signal-to-noise ratio (SNR) under different
wavelengths of light conditions, with a variation of less than 2.7%, and an average

signal-to-noise ratio range of 35db to 36db.With the successful preparation of

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

transmittance ECoG electrode for more wavelengths of light, more choices can be

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

obtained from light therapy to light stimulation. [47] Similarly, changes in the intensity

(cc)

of ECoG signals can also be used to detect the health status of the brain. Figure 4c
displays the ECoG signals obtained by stimulating the marmoset brain with blue light.
These signals were recorded using a 12-channel electrode. When the brain is affected
by a virus, a high response is obtained through blue light stimulation, corresponding to
the highest peak values of 150 uV in channels 1, 5, and 9 in Figure 4c, which correspond
to the virus-infected area. This method of detecting signals through transparent

electrodes to obtain health status is very useful for medical diagnosis. [*1 Of course, it's
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important to note that the duration of light stimulation and irradiance levels Will‘al¥6'>*"™92%°"

impact the photogenetically evoked potential, as they directly influence the activation
and response of photosensitive cells or molecules, thus affecting the magnitude and

duration of the elicited neural activity.

(2) ¥ (b)

Silver Interconnect
B>

PVA Interconnect

PDMS Substrate
L

PVA :knred{

Figure 4. (a) The transparent ECoG thin-film electrode composed of multiple polymers. (b)
Schematic diagram of ECoG signal stimulated by light. Reprinted with permission from [0
Copyright 2022, Elsevier. (c) The ECoG signal induced by continuous stimulation of the
cerebral cortex of marmoset by a blue laser pulse through a transparent electrode for 11
milliseconds. Reprinted with permission from [#4 Copyright 2019, WILEY (d) Vascular images
of cat visual cortex A18 before and after the installation of the ECoG thin-film electrode.

Reprinted with permission from 341 Copyright 2018, Elsevier.

3. Polymers for ECoG Thin-film Electrodes

In the following section, the materials are categorized as Sensitive materials and
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Structure materials. For each specific material, we will first introduce their préparatiot’ > ™27

methods, following by their properties.
3.1 Sensitive materials

Conductive polymers (CPs) predominantly derive their structure from a sequence
of alternating single and double bonds. This conjugated arrangement facilitates the
facile movement of electrons within and between polymer chains, thereby elevating the
conductivity of polymer materials.[®) Notable instances include PANI, 85 861 PPyl%] and
PEDOTI2 31. 33, 39, 43, 46, 49, 68, 71, 74, 75, 87. 96, 97. 98. 991 CPs typically exhibit flexibility,
conductivity, biocompatibility, and facile processing at ambient temperatures. The
techniques employed for the deposition of CPs onto electrodes primarily involve spin
coating and electropolymerization.l'%1 While spin coating technology is relatively

straightforward, it is unsuitable for application on small, non-planar surfaces. In

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

contrast, the electro-polymerization method proves to be a more precise approach for

applying CPs to surfaces that are incompatible with spin coating techniques.®’- 111 For

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

thin-film electrodes used in ECoG, the prevailing choice of CPs materials

(cc)

predominantly centers around PEDOT and PPy.[7>- %6 97]

3.1.1 Poly(3,4-ethylenedioxythiophene)

PEDOT is synthesized from the monomer EDOT through processes involving
chemical oxidation and electrochemical polymerization.[83: 192, 103] It boasts attributes
such as a narrow bandgap, chemical stability, and charge mobility.[1%4] Typically,

PEDOT is combined with acidic PSS!'%] to form PEDOT:PSS, a conductive polymer
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that exhibits conductivity and transparency. The resultant conductive Polfiier ™ #9209

PEDOT:PSS is a printable conductor’4l. Furthermore, it demonstrates superior
impedance characteristics compared to conventional metal electrodes, especially within
the frequency range of brainwave activity (0.1 Hz~ 1000 Hz). Due to its good chemical
stability and biocompatibility, PEDOT:PSS is highly suitable for long-term implanted
ECoG thin-film electrodes.

In terms of structure, the electrode employs electropolymerization to prepare a
PEDOT layer at the base of the carbon fabric (CF) electrode is an effective way , as
displayed in Figure 5a.133 The reverse side of the electrode and the lead are insulated
through a thin PDMS coating, while the outer layer is treated with a PVA hydrogel.
This design ensures the electrode maintains conductivity while retaining a flexibility
equivalent to living tissue. Carbon nanotubes (CNTs) exhibit mechanical strength and
electrical properties. The amalgamation of carbon nanotubes with PEDOT, leading to
PEDOT-CNTs, serves to enhance conductivity,[196 107. 1081 gtability, and augment
adhesion to the electrode surface. For instance, the nanocomposite electrode created by
multiwalled carbon nanotubes (MWCNTs) in conjunction with PEDOT:PSS yields a
rugged and porous surface via a network of interwoven nanostructures, as depicted in
Figure 5b.3! This configuration increases the electrochemical surface area and elevates
electrode conductivity. Although high conductivity has been achieved, there is still a
lack of stable testing in-vivo environment. The transparent electrode made by
Donaldson et al. (as shown in Figure 5¢) was tested for impedance at 15 and 103 days

of implantation to reflect the stability of the electrode, and the SNR of this electrode
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showed no significant difference before and after long-term storage. This electrode (ed > ™°207%

transparent PEDOT:PSS as a replacement for silver interconnects within the
transparency window, achieving electrodes with both good conductivity and

transmissivity [74]

PVA hydrogel
(a) \ Carbon fabric (CF) (c)

Laser-patiern Print silver  Print PEDOT:PSS Deposit and
and clean PET  bondpads and  interconnects pattern
substrate interconnects  and electrodes Parylene C

O pPeT M siver [reporPss [Parylene C

Figure 5. (a) Based on the cross section (top) and bottom view of the hydrogel PEDOT-CF

ECoG electrode, the PEDOT-CF electrode has low impedance and is good to other conductive

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

polymers in chemical stability and electrical performance. Reprinted with permission from [33]

Copyright 2018, Scientific Reports. (b) Schematic representation of the electrochemical

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

deposition of MWCNTs and PEDOT:PSS nanocomposites onto microelectrodes. The SEM

(cc)

image of the microelectrode structure is shown on the right. Reprinted with permission from [31

Copyright 2021, American Chemical Society. (c) A structural schematic diagram utilizes PET

as a transparent patch material, enhancing the transparency of the electrode window. This

improvement is achieved through the implementation of PEDOT:PSS interconnects in the

window area, enabling contact with inkjet-printed silver interconnects. Reprinted with

permission from "4l Copyright 2022, WILEY.
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In terms of functionality, PEDOT exhibits good conductivity, transmittance, and’ > ™27

biocompatibility, the schematic diagram of PEDOT deposition is shown in Figure 6a.
As depicted in Figure 6b, it can be seen that when PEDOT-coated electrodes are
implanted in the body (blue), there is a slight increase in impedance.3'] However, in
comparison to the bare gold electrode (black), the impedance of the PEDOT-coated
electrode experiences a significant decrease. Elisa et al. discovered that the application
of PEDOT-CNT coating results in an expansion of the effective area of the electrode
nanostructure, leading to an augmentation in the charge exchange between the electrode
and the solution. They find that the integral area on the cyclic voltammetry (CV) curve
magnifies by a factor of 350, and the enhancement in charge transfer capability becomes
more pronounced as the size of the electrode being coated increases.l”®! Additionally,
the coating of PEDOT:PSS not only enhances electrical properties but also improves
electrode optical properties. Yang et al. reveals that the effect of PEDOT:PSS coating,
there is a slight increase in transmittance. This result makes PEDOT:PSS considered a

polymer with advantages in preparing transparent electrodes.[’]
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Figure 6. (a) Schematic diagram of electrodes before and after coating PEDOT. (b) Impedance
comparison diagram related to bare (black), before in vivo (blue) and after implanted (red).
Reprinted with permission from B Copyright 2021, American Chemical Society. (c)
Measurement of the surface energy of the spin-coated PEDOT:PSS layer for the electrodes
using D.I water and Diiodomethane. Reprinted with permission from ['99 Copyright 2022,
Elsevier. (d) Impedance spectra of uncoated (black), gold-CNT-coated (green), and PEDOT-
CNT-coated (blue) electrodes (mean and standard deviation of 64 recording sites for each

coating). Reprinted with permission from 71 Copyright 2013, American Chemical Society.

3.1.2 Polypyrrole

PPy is a common conductive polymer. Research on PPy began in 1989, Machida
et al. synthesized highly conductive PPy with a conductivity of up to 190 S cm! in a
ferric chloride solution. They found that when FeCl, was added before the reaction to
control the oxidation potential of FeCl; in methanol solution, the conductivity of PPy

could be increased to a value equivalent to that obtained through electrochemical


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02090a

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B Page 24 of 47

View Article Online

polymerization (220 S cm!).[11] This opens up a pathway for the chemical synthesis Gf"™* 720"

highly conductive PPy, providing more options for subsequent work. For example, the
electrode prepared by Qi et al. consists of a PDMS layer, a PPy layer, and PPy
nanowires, where the PPy layer is electrochemically polymerized onto the PDMS layer
(Figure 7a), to avoid the delamination of PPy electrode from the PDMS due to their
mismatch in Young's modulus, they fabricated a layer of PPy nanowires on the PPy
electrode to enhance their adhesion to skin, comparison of adhesion between before and
after modification in Figure 7b. Rikky et al. fabricate a PPy electrode as a control

system to release drug and monitor ECoG signal (Figure 7¢).1%]

Photoresist nﬂnownres

Electrochemical
pol\merlzatlon =
Nanowire
ITO glas fabrication
y electrode letorcsist)
removal
PPy PDMS
nanowi Irés

‘.—/‘—'J{/}

Peeling off Pre-stretched PDMS
and releasing film coverage
(b)" I With nanowire
£ 204 @ Without nanowire
S
§n 1.5
£

o

Adhesive stres
4

=3
=

“With nanowire Without nanowire
Figure 7. (a) A preparation method for PPy array electrodes. Reprinted with permission
from 31 Copyright 2017, WILEY. (b) Comparison of electrode adhesion before and
after PPy nanowires modification. Reprinted with permission from [*3] Copyright 2017,
WILEY. (c) Schematic diagram of ECoG drug delivery device for treating epilepsy.

Reprinted with permission from 8 Copyright 2016, Elsevier.
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Figure 8a shows the impedance test results of PPy thin-film electrodes”ahd’ Aiy’>* 70209
thin-film electrodes with the same geometric surface area. In comparison, the
impedance of PPy films with the same surface area is smaller than 100Hz. PPy not only
has good conductivity, but also biocompatibility, and is widely used in the preparation
of ECoG electrodes. Petr et al. Purposed that iron(IIl) chloride is the oxidant of first
choice in the preparation of PPy, and displays its biocompatibility from long-term
experience, they compared the two forms of PPy, salt and alkali, and found that both
had lower cytotoxicity, while the alkaline form of PPy had lower cytotoxicity (Figure
8b).”"! Almira et al. pointed out in 2007 that PPy did not detect cytotoxicity in mouse
peritoneal cells!''!], making it an attractive material for biomedical applications in-
vivo.l'12l For example, PPy can be applied to delivery devices for epilepsy treatment
drugs.!®] Although PPy has its advantages, there is currently a problem of decreased

conductivity due to peroxidation, which limits its long-term use.!'!?]
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Figure 8. (a) Impedance compared with PPy film and Au film. Reprinted with
permission from [°31 Copyright 2017, WILEY. (b) Cytotoxicity of extracts of PPy
towards NIH/3T3 cells compared to the reference. Reprinted with permission from [7]

Copyright 2018, Elsevier.
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3.2 Structural materials DOI: 10.1039/D4TB02090A

Ensuring as good as possible conformal properties of the electrode upon tissue
contact has long been a pursuit in the development of flexible ECoG thin-film
electrodes.[!%] The flexibility of the substrate directly impacts the overall flexibility of
the electrode. Commonly employed flexible polymer materials for electrodes
encompass PDMS, PI, parylene, and LCP. Over the recent years, the selection of
patches for ECoG thin-film electrodes has expanded beyond individual polymer
materials, with the emergence of composite structures that combine PDMS and

parylene flexible films. This multilayer structure exhibits multiple advantageous

properties that collectively enhance its ability to adapt to the intricate brain environment.

3.2.1 Polydimethylsiloxane

PDMS is a silicone-based elastomer(!’3! which have flexibility,[4% 421
processability,37]  biocompatibility,[3% 116 1171 corrosion resistancel!'®  and
transparency,*!- 1% and it is frequently used as substrate materials for flexible electrode,
such as carbon nanotube array (CNTA) can be transported to PDMS through chemical
vapor deposition (CVD) to achieve electrode flexibility.[*!] Chou et al. displayed a
significantly curled PDMS electrode,®] but the single-layer PDMS substrate has poor
adhesion to most metal materials and is difficult to precipitate metal interconnects on
the surface. Therefore, the electrode array, enclosed in a double-layer (DL) PDMS setup

for gold interconnects as an insulation layer, shows good biocompatibility.[*?! The
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double-layer membrane structure permits the utilization of materials with®distiitég/>*™*°°%"
functionalities in each layer.['?% In recent years, the adhesion of flexible structure to
metal electrode materials has been improved by combining PDMS and parylene
materials. In Figure 9a, a flexible transparent electrode employs PDMS as a pliable
substrate, wrapped with Cr/Au electrodes through a parylene interlayer and finally
reduced impedance through PEDOT:PSS and MWCNTs material at the contact site
between the electrode and the skin. It is considered advantageous that this electrode
strategically employs diverse functional polymer materials across distinct structures,
resulting in an average impedance of 20.2 + 7.9 kQ.B! Similarly, Ochoa et al. chose
PDMS (100~200 pm in thickness) be their flexible structure material and make ECoG
electrode confirm the conformal coverage of the electrode over a curvature of 1 cm™.
[40] Similarly, Vargo et al. shows an electrode that produced by PDMS can stably record
ECoG signals.[*!

(a) (b) 508

—]

MWCNTSPEDOT:PSS — == -

Parylene ———

PDMS

Cr/Au —_—

Parylene

PDMS

© o (d)

Figure 9. (a) A schematic diagram of the electrode structure configuration using a two-layer

parylene encapsulated metal electrode, PDMS as a flexible substrate and PEDOT:PSS as a
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contact coating. Reprinted with permission from 8" Copyright 2021, American Chemic&l‘Sdgigty/ 248020904

(b) Schematics of stretchable transparent CNT electrode array. Reprinted with permission from
1211 Copyright 2018, American Chemical Society. (c) Multichannel ECoG electrode for mixed
PDMS-parylene C. Reprinted with permission from ['221 Copyright 2022, Elsevier. (d)
Stretchable 32 channel electrode on PDMS substrate (Scale bar, 1 mm). Reprinted with

permission from [221 Copyright 2022, Elsevier.

The performance testing of PDMS focuses on mechanical properties, including
finite element analysis,[*?] mechanical cycling testing and repeated extrusion testing.
Zhao et al. fabricated a five-layer gold film structure electrode (green) with PDMS
substrate and interlayer connection through Au nanopillars and compared its
stretchability with single-layer gold film electrode (black) and double-layer gold film
electrode (red) (Figure 10a, 10b).37] The stretchability of the single-layer electrode
measured 80%, and for the double-layer electrode measured 120%, while the
stretchability of the five-layer electrode reached 140%. Importantly, its resistance
remained stable even after undergoing extensive cyclic testing. Chou et al. demonstrates
the capability to execute a continuous bending cycle on the thin film, ranging from 0°
to 180° and then returning to 0° at a rate of one cycle per second. Additionally, the
bending cycles are performed on two distinct electrodes with varying traces, revealing
no notable resistance alterations in either of the electrodes.[*¥] The electrode remains
mechanically intact after undergoing 200000 bending cycles. Li et al. used a

compression-based technique to measure the average electrode phase change resulting


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tb02090a

Page 29 of 47

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

View Article Online

from 100 and 1000 presses was —18.3 + 4.9° and —19.1 + 4.2°, the impedanc& valiigs ™77
were 20.5 = 2.1 kQ and 20.0 + 1.6 kQ when they at 1 Hz (Figure 10¢).3! Of course,
mechanical stretching can also affect the optical properties of thin films. Zhang et al.
found that at a 20% stretching degree, the transmittance of CNT/PDMS electrode is

higher than that of non-stretching (Figure 10d).[121]
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Figure 10. (a) The stretchability of the five-layer structure electrodes, reaching 140% compared

to 80% for original one-layer electrodes and 120% for double-layered electrodes.¥”! (b) The

resistance-strain curve of the five-layer electrodes after 1, 10, 100, and 1000 stretching cycles,

indicating the stability of the electrode after prolonged stretching cycles.?"1 (¢) Impedance of

electrodes after pressing 100 and 1000 times. Reprinted with permission from B! Copyright

2021, American Chemical Society. (d) Optical transmittance of a CNT/PDMS complex before

stretching and under stretching to a strain of 20%. Reprinted with permission from ['21 Copyright

2018, American Chemical Society.
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3.2.2 Parylene DOI: 10.1039/D4TB02090A

Parylene materials exhibit good metal adhesion, biocompatibility, processability
and transparency.['?3] Thin films of flexible array patches are frequently fabricated
using chemical vapor deposition (CVD)!23, serving as adhesive and protective layers
for metal electrodes.!'?*] The four common parylene variants!'?] include: parylene C,
parylene N, parylene D and parylene HT. Among these, parylene HT stands out with
high temperature resistance (about 350 °C),5% facilitating the creation of continuous
structures and exhibiting outstanding conformal properties. Transparent electrodes
suitable for ECoG signal recording and two-photon Ca’* imaging can be fabricated
through sputter-deposition of ITO.5% Parylene C has excellent electrical performance
and is widely used in commercial electrodes. Figure 11a shows the flexible ECoG
electrode made of parylene C substrate material and demonstrates its good curling
flexibility.5] Parylene not only exhibits good flexibility, but also demonstrates

biocompatibility, making it a common choice for encapsulating metal electrodes.3®]
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Figure 11. (a) The flexibility of an ECoG electrode prepared using parylene C as a
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substrate. Reprinted with permission from 55 Copyright 2022, MDPI. (c) A paryléfg’> 0207
C coated electrode that has been stable for up to 56 days (equivalent to 115 days) in life
testing. Reprinted with permission from B! Copyright 2022, Elsevier. (b and d)
Schematic diagram and micrograph of a serpentine structure. (left 0.5 mm, right 100

um ) Reprinted with permission from 32 Copyright 2019, Elsevier.

In terms of mechanical properties, parylene exhibits a lower Young's modulus.
Yang et al. find the Young's modulus of parylene C film, determined through cyclic
nanoindentation testing, remains relatively constant at approximately 4 GPa.[*l In
Figurel2 a, Setogawa et al. calculated bending stiffness of the device with and without
the metal wiring layer as a function of the parylene thickness. Yamagiwa et al. presents
the variation of deflection conducted on substrates composed of different thicknesses

of parylene N and parylene C composites.’*l As the temperature gradually increases,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

the deflection of the substrate material continues to increase, displaying the favorable

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

application scenarios of parylene materials in the field of flexible electrode substrates.
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Figure 12b, the resistance went up as the drop spacing increased. However, the growth
rate of resistance on parylene is significantly lower than that on PDMS.['26] Moreover,
parylene exhibits good electrical and optical properties. Choi et al. developed a parylene
based ECoG electrode, with an average impedance range of 3.7 kQ to 1.6 mQ (1 kHz:
13.9 kQ) (Figure 12¢).['?7lIn addition, the parylene electrode sputtered with ITO has a
transmittance of 80% in the visible light region of 450~750 nm.!5?! Delamination is

reported as one of the most common failure mechanisms of thin-film electrodes, and
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the adhesion force between the electrode and the film determines the lifespa
electrode.[1?8] Parylene materials have good adhesion performance in contrast to other
polymer films, and peeling is commonly used to validate the adhesion strength of
parylene to the electrode material. Nevertheless, this adhesion strength is susceptible to
environmental factors. the peeling test was conducted following a 30 minute immersion
in PBS, resulting in the detachment of some metals from the parylene film, indicating
diminished adhesion of the parylene film to metals in humid conditions.[38! Kim et al.
compared the silver wire printed on PDMS (blue) and transferred to a parylene film
(red) as a function of drop spacing. In Kim et al. conducted lifetime tests on parylene
electrodes, revealing the alterations in electrode impedance and channel count, as
depicted in Figure 12d.5) Within 13 days, the initial impedance increased from 14.2

kQ to 40 kQ (n = 16), After 13 days, the impedance of the electrode significantly

decreased.
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as a function of the parylene thickness. Reprinted with permission from [2°1 Copyright 2023,
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BMC. (b) Comparison of resistance between two electrode preparation methods. R8prfnted’* 802090
with permission from [261 Copyright 2017, Elsevier. (c) Impedance and phase plots for the
fabricated parylene C based ECoG electrodes. Reprinted with permission from ['271 Copyright
2020, MDPI. (d) Plot shows the impedance variation and the number of alive channels during
the lifetime test, reflecting the stability of the structure. Reprinted with permission from 51

Copyright 2022, Elsevier.

3.2.3 Polyimide

PI material exhibits good biocompatibility, thermal stability, dynamic tensile
strength and structural integrity.[!'3] 1t is suitable for insulation layers used in integrated
circuits, active electronic devices and bioelectrodes through spin coating (Figure

13a).34 Furthermore, PI displays good air permeability, which can prevent skin

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

inflammation caused by long-term records. The primary role of the PI film is to

passivate and protect the electrode structure. Figure 13b display manufacturing diagram

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.
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is about a 32-channel conformal PI electrode, this electrode can conform to the
curvature of the tissue and perfectly adhere to brain. Similarly, Figure 13¢c shows an
insulating layer situated above the electrode, fabricated through the combination of
capacitive BaTiO; and PI, with the resultant leakage current from this structure
measuring only a few nanoamps.l%’! The flexible gold film electrode is structured with
a sandwich structure made of 5 pm PLI®! PI material exhibits a certain flexibility.

Vomero et al. manufactured a highly stable multi-layer thin-film electrode which is
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displayed by folding the 12-electrode glassy carbon array onto the PI substrate !™21 therg'™*™#920°"

is no significant change in impedance of this electrode before and after in-vivo and in-
vitro testing. In comparison to other flexible materials, PI materials exhibit greater
durability. Tolstosheeva et al. design a flex-rigid ECoG electrode, they chose PI as the
substrate because it was considered to have better robustness at the same thickness.[130]
Four years later, they prepared an ECoG electrode with waterproof properties that could

maintain impedance stability in saltwater for 140 days (Figure 13d).[70

() (b)

— siicon I Indium Tin Oxide
B robyinide [l Aluminium [l Photoresist

BaTIOPI
i

ok oy

bt

J

e o iy 7
J‘ ), Capacitive BaTiOy/P! (L7 VG e S
S, .- electrode array D) otrs R oy PP s

\\‘\\

Figure 13. (a) Schematic of electrode preparation using Pl as substrate. Reprinted with

permission from B4 Copyright 2018, Elsevier. (b) The manufacturing diagram is about a 32-

channel conformal Pl electrode that can better fit the surface of the brain and bring the electrode

closer to the signal source. The left image depicts the microscopic view of the electrode area,

measuring 200 um. Reprinted with permission from [231 Copyright 2017, Elsevier. (c) Electrode

Array created by integrating capacitive BaTiO; and PIl, with Pl serving as an insulating

protective layer.(The left image shows the SEM image of the prepared BaTiO3/Pl composite

film, measuring 10 ym) Reprinted with permission from 671 Copyright 2017, WILEY. (d) The
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electrodes encapsulated with Pl are immersed in salt water, reflecting the good watergrogt/P4T802090A

properties of Pl. Reprinted with permission from 7% Copyright 2015, Elsevier.

PI is being focused on in terms of mechanical properties, Lin et al. investigated
the alteration in conductor path resistance of the PI electrode under mechanical strain
prior to fracture.['3!] The electrode resistance exhibited an almost linear increase with
the rising applied mechanical strain, and the tensile performance reached a threshold of
10%, which is sufficient for implantation applications. Xu et al. measured the Stress—
strain curve and deformation force curve for PI films with thicknesses of 4 pm, 8 pm,
23 um, and 50 um. When the Young's modulus is similar, an increase in the thickness
of the PI film leads to a corresponding rise in the ultimate tensile strength of the film.[132]
When the electrode is placed in the brain environment, the stability of the electrode in

the humoral environment and the conformability of the test determine the signal quality

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

of the electrode, Tolstosheeva et al. compared the impedance changes of long-cured PI,

short-cured PI and parylene in 170 days of body fluid testing and found that long-term

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

cured PI has good impedance stability and is suitable as a high waterproof barrier

(cc)

(Figure 14a shows changes in impedance of long-cured PI). In Figure 14b, a Comsol
model was employed to test the stress distribution in a PI electrode with dimensions of
4 um, 10 pm and 20 pm within the cerebral cortex of rats (with LO representing the
working area where the electrode contacts the cortex, and L1 indicating the opposite
end of the electrode), the force required for 10 um electrode to fit the brain is much
smaller than that required for 20 pm electrode. The miniaturization and lightweight

development of the electrode can reduce the harm it brings to the subject.?3! In terms
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of optical performance, Zatonyi et al. measured the optical transmission spe€ftuth 6> ™***°%"

PI/ITO/PI ECoG electrodes across wavelengths ranging from 400 nm to 720 nm. The

transmittance throughout the entire wavelength range consistently remained at

approximately 80% (Figure 14c), this reflects the good transmittance of PIL.134]
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Figure 14. (a) Long term cured BPDA-PPD PI electrodes maintain stable impedance during

long-term testing. Reprinted with permission from 7% Copyright 2015, Elsevier. (b) Finite

element analysis images of electrodes with varying thicknesses under diverse forces on the

cerebral cortex surface. Reprinted with permission from 231 Copyright 2020, Elsevier. (c) the

Transmittance of PI/ITO/PI ECoG electrodes. Reprinted with permission from 34 Copyright

2018, Elsevier.

3.2.4 Liquid Crystal Polymer

The molecular chains of liquid crystal polymer (LCP) exhibit a one-dimensional
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and two-dimensional long-range ordered arrangement in structure, exhibitiig good’>*™**°%"
flexibility, fluidity,[®)] orientation and low water permeability. These characteristics are
advantageous for prolonging the reliability and lifespan of implanted arrays. Moreover,

LCP serves as self-adhesive thermoplastic material, facilitating the integration of multi-

layer structures in thin-film electrodes.[!33]

As shown in Figure 15a, it is a design of LCP electrode. Not only that, based on
the improvement of electrode size, Chiang et al. designed five LCP thin-film electrodes
based on thin-film technology, these electrodes can be applied to collect ECoG signals
from rodents, non-human primates and humans according to different application
scenarios.[133] Figure 15b shows the 25 channel neural electrodes with LCP substrate.
Woods et al. compared the electrode lifespans of LCP and PI, illustrating that the LCP-
encapsulated gold electrode outperforms the PI-encapsulated gold electrode in terms of

longevity.[134 By predicting accelerated aging results, the device can maintain integrity

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

for over 3.4 years. Mechanical property testing, Chiang et al. compared and analyzed

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

the maximum bending force that commercial electrodes and LCP thin-film electrodes

(cc)

may exert on the brain from the four-point bending test and brain geometry analysis.[!33]
After that, Nicholas et al. calculated the effective flexural modulus of LCP film, LCP
thin-film ECoG array, silicon, the bending force of silicon covered LCP, and
commercial electrode, then they estimated the maximum force of these components
could exert on the human brain, they fonund that LCP thin-film has a maximum
pressure on the human brain that is only higher than LCP film, and the Young's modulus

is within 10-! GPa.l5% Michael, et al. tested the biocompatibility of LCP electrode, After
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3 days and 28 days of recording, a comparison with the electrode experimental' grotp’>*™**°%"

revealed increased glial fibrillary acidic protein reactivity of astrocytes in the control
group, whereas minimal increase was observed in astrocyte activation in the electrode

experimental group, indicating the favorable biocompatibility of the LCP electrode. [133]
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Figure 15. (a) The schematic and the fabrication process of a LCP electrode. Reprinted with
permission from [1361 Copyright 2004, Elsevier. (b) 25 channel neural electrode electroplated
gold (left) or Iridium Oxide (right) based on LCP. Reprinted with permission from ['37] Copyright
2019, Elsevier. (c) Bending force for LCP electrodes for electroplating (E.P.) and evaporation
(Evap.), as well as flexibility comparison with Pl electrodes. Reprinted with permission from [137]

Copyright 2019, Elsevier.

4. Summary and Outlook

The polymer materials have been extensive used for ECoG thin-film electrodes.
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Polymers such as PDMS provide flexibility to the structure of ECoG fhin fifri/™*"®72°°%"
electrodes, while polymers such as PEDOT possess good conductivity to the ECoG
thin-film electrodes. The method of enhancement of electrical properties of polymers
is now focusing on minimizing impedance between brain tissue and electrodes. The
application of conductive polymer coatings can further reduce the impedance compared
to the uncoated electrodes. In terms of mechanical properties, flexible polymer
materials have the Young's modulus more similar to brain tissue, providing greater
comfort and less damage when placing the electrodes and making them easier to
conform to the cerebral cortex. On this basis, the light transmittance of polymer
materials can also provide a pathway for artificial regulation of brain activity through
light stimulation. These aspects collectively underscore the merits of polymer-based
ECoG thin-film electrodes.

However, the focus of ECoG thin-film electrodes is on how to detect high quality

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

signals and avoid secondary damage. On one hand, many polymer materials for

Open Access Article. Published on 12 November 2024. Downloaded on 11/23/2024 4:14:03 AM.

electrodes are used to reduce damage to brain tissue. On the other hand, subjecting

(cc)

individuals to craniotomies to remove the electrode after rescue or experiments can
cause significant damage. If electrode materials could be engineered to undergo
controlled degradation within tissue, the adverse effects of repetitive craniotomies
could be averted. However, most currently available conductive polymers are not
degradable. Natural polymers derived from organic sources present new perspectives;
these materials exhibit good flexibility and biocompatibility, and even can be safely

dissolved or absorbed by the body.!!3% 139 Chitosan, for instance, offers antimicrobial
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properties and modifiable conductivity; collagen provides a flexible and biocofipatitsté’™* 72

matrix, while silk fibroin allows for tunable degradation rates. These polymers hold
promise as potential materials for the next generation of ECoG thin-film electrodes.
Furthermore, subjects often experience restricted mobility caused by the constraints of
electrical wires connected to electrodes in long-term experiments with traditional ECoG
electrodes.[40: 1411 Wireless telemetry technology has brought about innovative
solutions. By incorporating wireless telemetry modules onto thin film through strategic
layering of various components, subjects can enjoy more freedom of movement during
experiments. Despite facing numerous challenges, ECoG thin-film electrodes made of

polymer materials continue to be widely utilized due to their exceptional properties.
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