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ABSTRACT: Transparent microelectrodes have emerged as promising tools to combine
electrical and optical sensing and modulation modalities in many areas of biological and
biomedical research. Compared to conventional opaque microelectrodes, they offer a number of
specific advantages that can enable advances in functionality and performance. In addition to
optical transparency, the mechanical softness feature is desired to minimize foreign body
responses, increase biocompatibility, and avoid loss of functionality. In this review, we present
recent research from the past several years on transparent microelectrode-based soft
bioelectronic devices with an emphasis on their material properties and advanced device
designs, as well as multimodal application scenarios for neuroscience and cardiology. First, we
introduce material candidates with proper electrical, optical, and mechanical properties for soft
transparent microelectrodes. We then discuss examples of soft transparent microelectrode arrays
tailored to combine electrical recording and/or stimulation with optical imaging and/or
optogenetic modulation of the brain and the heart. Next, we summarize the most recent
progress on soft opto-electric devices integrating transparent microelectrodes with microscale light-emitting diodes and/or
photodetectors into single and hybrid microsystems as powerful tools to explore the brain and heart functions. A brief overview of
possible future directions of soft transparent microelectrode-based biointerfaces is provided to conclude the review.
KEYWORDS: transparent microelectrodes, flexible electronics, cardiac interface, neural interface, LEDs, photodetectors

1. INTRODUCTION
Studying the functions of cells and tissues to understand the
complex physiology of some of the most vital organs such as the
brain and heart in health and disease represents an important
research area for biological and biomedical sciences. Successful
outcomes will not only contribute to our knowledge of the
(patho)physiological function of brain and heart systems, but
also greatly facilitate the development of treatment method-
ologies for neurological disorders and cardiovascular diseases. In
this context, a significant research effort focuses on developing
advanced electrical and optical interfaces to interact with various
parts of these organs.1−5 For example, microelectrodes are one
of the most widely applied tools to record action potentials and
local field potentials with high temporal resolution from the
brain and heart to reflect their physiological states and
monitoring health status.6−8 Direct microelectrode-based
electrical stimulations, such as cardiac pacing9−11 and deep
brain stimulation,12,13 are clinically used to treat arrhythmias
and Parkinson’s disease by triggering an action potential with an
external current and changing the membrane potential. Despite
the tremendous impact of microelectrode-based electrical
recording and stimulation approaches on fundamental research
and translational development, they have limited spatial
resolution, which is crucial to differentiate cell types, shapes,
and understand the complicated network connections. They are

also problematic in directly probing important functional
physiological parameters such as metabolic activity, intracellular
calcium dynamics, or target specific cell types.14 Optical
techniques, such as optogenetics15−17 and optical imaging,18−20

can provide cell-type specificity and high spatial resolution to
either manipulate or monitor cells via light-sensitive proteins
(opsins) and fluorescent reporters. Those optical methods have
now been widely applied to rodents, worms, fish, and nonhuman
primates for investigating basic physiology and disease
mechanisms. However, their temporal resolution is limited by
the dynamics of the opsins and fluorescent reporters used. In
addition to improving platforms for separate electrical and
optical studies, combining different methodologies is an
important trend in technology development because this will
leverage the advantages while compensating for the weaknesses
of individual approaches. Although there has been tremendous
progress in microsystem platforms integrating electrical and
optical components,21,22 a precise correlation of electrical signals
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with optical imaging data or optical modulation is difficult. This
is because conventional microelectrodes rely on opaque
conductors and prevent simultaneous colocalized electrical
and optical interfacing due to complications such as photo-
electric artifacts and obscured fields of view for light delivery to
or collection from areas underneath the microelectrodes.23 The
photoelectric artifacts here refer to the electrical noises in the
microelectrode recorded signals from the interaction between
microelectrodes and photons that generates the potential
differences and surface current flows.24

Soft optically transparent microelectrodes are critical
technologies that can conformally integrate with tissues and
allow light to transmit through the microelectrodes in both
directions for colocalized electrophysiology, optogenetics, and
optical imaging with minimal photoelectric artifacts. Over the
past decade, tremendous progress in advanced materials,
unusual mechanics design, and microfabrication methods has
generated many types of soft transparent microelectrodes from
various low modulus materials and structures with comparable
electrochemical performance to conventional opaque micro-
electrodes for neuroscience and cardiac research. For example,
carbon-based nanomaterials,25,26 conductive polymers,27 and
metal nanowires28 could directly serve as intrinsically soft
transparent microelectrode materials. Patterned porous struc-
tures from opaque conductors such as metal grid/mesh also
generate microelectrodes with a high optical transparency.29,30

Hybrid composite materials further improve the chemical,
electrical, and optical performances of the resulting transparent
microelectrodes.31−33

In this review, we discuss the latest advances in transparent
microelectrode-based soft neural and cardiac interfaces from
materials, device design, and integration, ex vivo and in vivo
application perspectives (Figure 1). A variety of materials and
structure designs for transparent microelectrode applications
with excellent optical transparency, high conductivity, low
electrochemical impedance, high charge storage capacity
(CSC), and reduced mechanical mismatch between the
electronics and biological tissues to record/stimulate electrical
signals with high signal-to-noise ratios (SNRs) are introduced
first. Then, we highlight flexible and stretchable transparent
microelectrode arrays (MEAs) from those materials and their
combinations with optical modalities for neuroscience and
cardiac research. Those MEAs are typically deposited and
patterned on the surfaces of soft transparent plastic substrates,
including (i) flexible polymers, such as polyethylene tereph-
thalate (PET) and parylene-C, to enable the direct development

of functional components through conventional microfabrica-
tion processes and (ii) stretchable elastomers, such as
polydimethylsiloxane (PDMS), to further reduce the mechan-
ical mismatch at the device/tissue interface and enable device
operations under mechanically active environment. Tissue-like
mechanics are desired for the MEAs to not only improve the
quality of the collected signals from three-dimensional (3D)
complex organ structures but to also reduce the foreign body
responses around the MEAs. Following that, recent break-
throughs in directly integrating transparent microelectrodes
with microscale light-emitting diodes (μ-LEDs) and microscale
photodetectors (μ-PDs) into hybrid “all in one” microsystems
for multimodal investigations with a single device platform are
described. Typical fabrication approaches used in transparent
microelectrode-based soft bioelectronic devices, including
solution processes (e.g., spin coating), lithography, chemical
etching, evaporation, transfer printing, etc. are discussed in
different sections. At the end of this review, we discuss the
opportunities for future transparent microelectrode-based
biointerfaces for biomedical engineering and medical applica-
tions.

2. CONDUCTOR MATERIALS AND STRUCTURES FOR
TRANSPARENT MICROELECTRODES

Transparent conductors are the basis for the construction of soft
transparent microelectrodes. The conductors will transmit
bioelectrical signals from electrogenic cells through electrical
couplings between the microelectrodes and cells with high
fidelity. When used as interconnects for the microelectrodes, the
conductors will transmit the bioelectrical signals with minimal
signal attenuation to the external data acquisition systems. As a
result, the conductive materials largely determine the electro-
chemical, optical, and electrical performances of the devices. In
the following section, we present conductive materials and
structures for soft transparent microelectrodes, including
graphene, carbon nanotubes (CNTs), conductive polymers,
metallic nanowires, and patterned metal structures. Some other
emerging conductive materials (e.g., graphdiyne, MXene) that
have not been used in transparent microelectrode-based
electrophysiological studies are not included, and we refer the
readers to other recent review papers on these materials.34−36

2.1. Graphene.Graphene is a two-dimensional (2D) carbon
allotrope with a single layer sheet of sp2 hybrid carbon atoms in a
hexagonal structure. Due to its ultrathin nature, monolayer
graphene only absorbs ∼2.3% of visible light and shows a high
visible optical transmittance of >97% with a negligible

Figure 1. Overall scheme of soft transparent microelectrode materials, soft MEAs, multimodal bioelectronic devices, and their applications in
neuroscience and cardiology discussed in this review.
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reflectance of ∼0.1%.37−39 In addition, ultrathin 2D graphene
shows excellent mechanical flexibility and strength, resulting
from the atomic thickness and strong in-plane covalent bonding
between carbon atoms. For example, graphene can endure 4%
strain with negligible cracking. The measured Young’s modulus
and breaking strength of graphene are as high as 1.0 TPa and 42
N/m, respectively.40 The sp2 hybridization and delocalization of
π electrons lead to an electron mobility of 106 S/m and a sheet
resistance (Rsh) from several tens to 100 Ω/sq, respectively.41,42

Due to its appealing physicochemical properties, graphene has
been widely used by the scientific community in electrical
recording/stimulation applications.43−45 For example, it could
be integrated on a PET film as a flexible, transparent, and
biocompatible stimulation electrode for cultured neural cells.46

The optical transparency of the graphene/PET electrodes allows
simultaneous optical examination of the morphological changes
from the cells in relation to electrical stimulation. The results
showed that weak electric field stimulation as low as 4.5mV/mm
could promote cell-to-cell interaction. Graphene microelectr-
odes could further serve as contact lens electrodes for
electroretinography measurements due to their optical trans-
parency and softness.47 Meanwhile, it should be noted that
graphene is not completely free of photoelectric artifacts, and
multilayer stacked graphene devices could serve as biointerfaces
to efficiently convert light into electricity to achieve light-
controlled cellular stimulation.48 The electrochemical perform-
ance of graphene microelectrodes can be improved by chemical
treatments such as plasma treatment,49 doping,50 and surface
modifications.51,52 Chen et al. designed a flexible graphene
microprobe for neural and cardiac recording in crayfish and
zebrafish (Figure 2a).49 The graphene-coated SU-8 substrates

were treated by steam plasma to change the surface from
hydrophobic to hydrophilic and reduce the impedance, which
increased the SNR of the measured action potentials from 20.3
± 3.3 to 27.8 ± 4.0 dB. Lu et al. developed transparent graphene
microelectrodes with reduced impedance by electrodeposition
of platinum (Pt) nanoparticles on graphene surfaces.52 The
resulting microelectrodes were able to exceed the quantum
capacitance limit and lower the impedance 100 times, though at
the cost of a decreased optical transparency (from >90% in
monolayer graphene to ∼50% after 30 s electrodeposition).
Electroplating conductive polymer poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) on graphene sur-
face also improved its electrochemical performance.32 The 1
kHz electrochemical impedance value serves as a benchmark for
comparing the electrical recording performance of different
microelectrodes. Low impedance values are desired for high-
fidelity electrical recording. The optical transparency and 1 kHz
impedance of the PEDOT:PSS-coated graphene microelectr-
odes could be tuned from ∼90% and 700 kΩ to ∼50% and 42
kΩ, respectively.

2.2. CNTs. CNTs are highly conductive one-dimensional
(1D) carbon-based materials with cylindrical structures. CNTs
are made of rolled-up graphene sheets and are categorized as
either single-walled CNTs (SWCNTs) or multiwalled CNTs
(MWCNTs) based on the number of graphene sheets.53,54

SWCNTs can behave as a metal or semiconductor depending on
their diameter and chirality. The maximum theoretical
conductivity of a SWCNT network is ∼90,000 S/cm,
corresponding to a Rsh of 10 Ω/sq and an optical transmittance
of 92%.55 The Young’s modulus of SWCNT composites is
between 0.65 and 5.5 TPa.56 MWCNTs commonly show lower

Figure 2. Carbon-based transparent microelectrode materials. (a) Photos of a flexible graphene microprobe penetrating in an agar gel (top left) and
after 90° bending (middle). Microscopic image of the exposed graphene area at the tip of microprobe (bottom right). Reproduced from ref 49.
Copyright 2013, Elsevier. (b) Scanning electron microscopy (SEM) images of the cone-shaped tips of CNT probes with sizes of (1) 16 μm and (2) 65
μm. The (3) and (4) show magnified SEM images of the highlighted areas of (1) and (2), respectively. Reproduced from ref 71. Copyright 2010,
Elsevier. (c) SEM images (1−4) of PPy-coated electrodes deposited with 0, 1, 4, and 10 μC of charge. Reproduced from ref 83. Copyright 2001, Wiley.
(d) Conductive polymer PPy/polycaprolactone-block-polytetrahydrofuran-block-polycaprolactonemicroelectrodes formed on an elastomer substrate.
(Top right) SEM image of the microelectrode surface. (Bottom right) A MEA conformably wrapped around a glass pipet. Reproduced from ref 87.
Copyright 2014, Wiley.
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conductivity than those from SWCNTs because the inner walls
in MWCNTs may act as noncurrent carrying voids in the
network.57,58 In addition, SWCNT-based electrodes have better
optical properties than MWCNT-based electrodes under the
same conditions since a greater amount of light will be absorbed
when the number of walls in the individual CNTs increases.59

Wong et al. demonstrated that MWCNTs exhibited an average
Young’s modulus of 1.28 TPa and an average bending strength
of 14 GPa.60 Importantly, CNTs can form a thin conductive
network that is mechanically flexible or even stretchable and
optically transparent resulting from the intersliding behavior and
the void space between the interconnected CNTs in the
network.59,61,62 When mixed with polymers, the type of polymer
matrix and the aspect ratio of CNTs also significantly influence
the elastic modulus.63 The physical properties of CNT networks
can be adjusted by individual nanotubes (e.g., changing their
chirality, diameter, length, doping level, etc.) and their geometry
in the network (e.g., varying CNT density, layer thickness,
alignment among nanotubes, etc.). In general, a thinner
nanotube diameter improves the optical transparency while
longer nanotubes result in higher conductivity.64 Advances of
CNT synthesis, purification, and surface functionalization
methods have opened pathways for CNTs as high-performance
biocompatible components for biosensors and implant coat-
ings,65−67 due to their high specific surface areas (700−1,000
m2/g), low impedance, and high charge transfer character-
istics.68−70 For example, Keefer et al. applied MWCNTs to
improve the interface between indium tin oxide (ITO),
tungsten, stainless steel wire electrodes, and the surrounding
tissue.69 The 1 kHz impedance decreased from 940 to 38 kΩ
while an approximately 40-fold increase in charge transfer
capability was observed after coating CNTs. Su et al.
demonstrated low impedance CNT-based microelectrodes
with a miniature diameter at 3.5 μm for high resolution
electrical recording by growing CNTs on cone-shaped silicon
probes with a large surface area (Figure 2b).71 The resulting
microelectrodes exhibited a low impedance per unit area at
∼64.5Ω/mm2 and a specific capacitance at∼2.5 mF/cm2. Chen
et al. tested the biocompatibility of CNTs by comparing the
health of rat hippocampal neurons cultured on CNT MEAs to
that on a glass substrate for 16 days.72 The resulting neuron
density andmorphology on the CNTMEAs were comparable to
the control glass, confirming the excellent biocompatibility.
2.3. Conductive Polymers. The electrical signals in

biological systems such as nervous systems are controlled by
neurotransmitter diffusion between synapses and ionic transport
across cell membranes. Therefore, microelectrodes that can
accommodate both ionic and electronic transport are of
particular interest for interfacing with biology. In this context,
conductive polymers have recently gained much attention due
to their combined ionic−electronic conductivity, superior
mechanical properties, and biocompatibility.73−76 Conductive
polymers are also carbon-based materials and have alternating
single and double bond structures to provide high conductivity
after suitable doping. They normally have much lower Young’s
modulus than metals (∼1 GPa vs >100 GPa), which is beneficial
to reduce the mechanical mismatch at the device and tissue
interfaces.77,78 Promising conductive polymers such as poly-
pyrrole (PPy), PEDOT, and some of their derivatives were
initially used as surface coating materials for conventional metal
microelectrodes via electrochemical polymerization to optimize
the microelectrode performance.79−83 In one study, Cui et al.
modified the surface of neural microelectrodes with proteins and

PPy.83 Figure 2c shows the morphologies of the resulting
microelectrodes, which were rough and fuzzy to provide a high
surface area and low impedance for interaction with neurons.
More recently, flexible microelectrodes using conductive
polymers as the sole conductor have been developed to avoid
the problems with metal parts, such as high mechanical rigidity
and potential for delamination.84−86 Guo et al. prepared the first
stretchable nerve MEA using conductive polymer PPy/polyol-
borate composites as the sole conductor for both the
microelectrodes and interconnects (Figure 2d).87 The MEA
could withstand up to 23% uniaxial tensile strain with negligible
changes in electrical conductivity. In addition, the micro-
electrodes exhibited a high CSC of 48.8 mC/cm2, which was
even better than commonly used stimulation microelectrode
materials, such as Pt and iridium oxide (IrOx). The higher CSC
values are beneficial for electrical stimulation applications. Chen
and co-workers designed PPy-based MEAs with a high
stretchability (∼100%) and electrode-substrate adhesion (1.9
MPa).88 Experimental results showed that the PPy micro-
electrodes exhibited better biocompatibility than the metal
counterparts. PEDOT:PSS is one of the most widely
investigated conductive polymers for microelectrode applica-
tions because of its excellent electrical conductivity,89 optical
transparency,90,91 biocompatibility and chemical stability,92,93

and commercial availability. Microelectrodes made of PE-
DOT:PSS alone could achieve a low normalized 1 kHz
impedance at 0.33 Ω·cm2 and a high optical transparency up
to 97% for neural recording.94 The electrochemical and
mechanical properties of conductive polymers can be controlled
by doping. For example, transparent PEDOT:PSS films with
high stretchability were achieved by mixing PEDOT:PSS with
either ionic additives or plasticizers such as Zonyl and
Trion.95−98 The conductivity of a stretchable PEDOT:PSS
film blended with conductivity enhancers and ionic additives
was >3100 S/cm at 0% strain, >4100 S/cm at 100% strain, and
remained >100 S/cm under 600% strain.95 Donaldson et al.
reported inkjet-printed PEDOT:PSS transparent microelectr-
odes with a ring-shaped design to allow the encapsulated portion
of the microelectrodes near the contact site for contributing to
signal transduction as well, which improved the impedance and
the CSC performance.99 The 1Hz impedance reduced from 294
± 21 to 98 ± 2 kΩ while the CSC enhanced from 6 to 21 mC/
cm2 when the outer diameter of the encapsulated micro-
electrode increased from 300 to 550 μm, respectively. The
microelectrodes exhibited an optical transmittance ∼80% and
remained functional after 1000 mechanical bending cycles
against a small radius of 2 mm.

2.4. Metallic Nanowires.Metallic nanowires (MNWs) are
another attractive material candidate for transparent micro-
electrodes due to their high conductivity, straightforward
synthesis scalability, solution processability, excellent mechan-
ical flexibility/stretchability, and superior optical transparency.
Similar to CNTs, the mechanical flexibility/stretchability of
MNWs network results from the intersliding behavior of the
nanowires in the network. As a result, the electrical performance
of a MNW network could easily withstand bending and
stretching tests. For instance, Miller et al. demonstrated that
the electrical resistance of Ag NWs networks remained stable up
to 76% tensile strain and 250 cycles of stretching at 15%
strain.100 Individual MNW has very good electrical conductivity
from the bulk metal. The electrical performance decreases when
the diameters of individual MNWs approach the mean free path
of electrons in the bulk metal (∼40 nm for silver (Ag) or gold
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(Au)). Bid et al. reported that the electrical resistivity of AgNWs
increased by 25% when the diameter decreased from 100 to 30
nm.101 Larger diameters are associated with higher surface
roughnesses, which are desired for microelectrodes to increase
the effective electrode/electrolyte interfacial area. Meanwhile, a
small diameter is beneficial for increasing the optical trans-
mittance by decreasing the proportion of photons scattered and
absorbed by the MNWs. The interconnections between
different nanowires in the network and the network density
play key roles in determining the resulting electrical and optical
properties of the MNW microelectrodes. The interconnections
can be improved by thermal annealing,102,103 mechanical
pressing,104 chemical treatments,105 or laser sintering.106 Similar
to CNT networks, a MNW network that is too sparse does not
provide enough efficient pathways for electrons to reach a high
conductivity or sufficient surface areas to achieve a superior
electrochemical impedance, while one that is too dense becomes
too opaque with dramatic losses in the transparency. Chen et al.
reported Ag NW-based transparent microelectrodes with a high
optical transparency of >90% and a low normalized 1 kHz
electrochemical impedance of 3.4−15 Ω·cm2 by varying Ag
NWs network densities.28 To overcome potential chemical
stability and biocompatibility concerns of AgNWs for chronic or
implantable applications, noble metals such as Au have been
coated on Ag NWs to form core−shell structure Au-coated Ag
NWs (Au−Ag NWs) by several groups.107,108 For example,
Choi et al. demonstrated that the Au sheath significantly
reduced the accumulation of Ag ions in various organs and
lowered the inflammatory responses and fibrotic reaction in the
Au−Ag NWs compared to Ag NWs after being implanted on rat
hearts for 3 weeks.107

2.5. Patterned Metal Structures. In addition to the
intrinsically transparent microelectrode materials discussed
above, advanced structure designs that pattern metal materials
into porous structures such as grids or meshes represent another
important research trend to yield high optical transparency while

minimizing the loss of electrical performance of nontransparent
metal conductors. Common fabrication processes for the porous
structures include lithography,30,109 printing,110,111 laser sinter-
ing,112 etc. The geometry and grid/mesh properties (e.g., grid
width, thickness, pitch, etc.) of the porous metal structures can
be adjusted to achieve balanced electrical and optical properties.
For example, for a square metal grid structure, the optical
transparency (T) and Rsh are determined by the following
equations:113,114

T 1 fF= (1)

R
f

1
hsh

F
=

(2)

Here, fF is the geometrical filling factor defined by (pitch-
width)2/pitch2, ξ is a correction factor determined by the
materials and grid properties, ρ and h are the resistivity and
thickness of the grid, respectively. Obaid et al. reported that the
optical transmittance of an Au nanogrid (width 500 nm and
thickness 40 nm) microelectrode improved from 73.2% to
88.7% while the 1 kHz impedance increased from 59.3 ± 3.54 to
477 ± 19.0 kΩ when the nanogrid pitch increased from 5.5 to
15.5 μm.109 Figure 3a presents a flexible nanogrid transparent
film and SEM image of the Au nanogrids. Seo et al. developed an
ultrathin flexible Au nanomesh microelectrode (thickness 15
nm) with a normalized 1 kHz impedance at 8.14 Ω·cm2 and
>65% average transmittance from 300 to 1100 nm using
nanosphere lithography methods (Figure 3b).30 Cell viability
and adhesion on the Au nanomesh were tested by incubating
mouse embryonic fibroblast cells on the microelectrodes. The
nanomesh substrates did not introduce any adverse effects on
the cell viability after 7 days.
The electrochemical performance of metal grid/mesh micro-

electrodes could be improved by low impedance surface coating
or designing hybrid composite materials without sacrificing
optical transparency. For example, Qiang et al. demonstrated

Figure 3. Patterned metal structure-based transparent microelectrode materials. (a) (Left) Optical image of a Au nanogrid/PET film. (Right) SEM
image of the Au nanogrid. Reproduced from ref 109. Copyright 2020, Wiley. (b) Impedance versus nanomesh width (thickness 40 nm, microelectrode
size 80 μm × 80 μm). Reproduced from ref 30. Copyright 2017, American Chemical Society. (c) Photoelectric artifacts of Au full film, Au nanomesh,
Au/PEDOT:PSS nanomesh, Au/IrOx nanomeshmicroelectrodes versus 470 nm blue light intensity. Reproduced from ref 115. Copyright 2017,Wiley.
(d) (Left) Illustration of hybrid transparent microelectrodes based on metal grid/ITO stuctures. (Right) SEM image of an Au grid/ITO film.
Reproduced from ref 116. Copyright 2020, Wiley.

ACS Applied Bio Materials www.acsabm.org Review

https://doi.org/10.1021/acsabm.3c00131
ACS Appl. Bio Mater. 2023, 6, 1701−1719

1705

https://pubs.acs.org/doi/10.1021/acsabm.3c00131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00131?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.3c00131?fig=fig3&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.3c00131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


high-performance bilayer nanomesh microelectrodes by electro-
plating PEDOT:PSS or IrOx on the Au nanomesh structures to
form faradaic interfacial layers.115 The electrochemical and
optical performances were adjusted by tweaking the thickness of
the coating materials. With this strategy, the Au/PEDOT:PSS
bilayer nanomesh microelectrodes achieved a 550 nm trans-
mittance of >70% and a 1 kHz impedance at ∼10 kΩ, which was
20 times lower than that of the graphene microelectrodes at the
same size. In addition, the bilayer nanomesh microelectrodes
exhibited much less photoelectric artifacts (40 μV) compared to
Au full film microelectrodes (100 μV) under 5 mW/mm2 blue
light irradiance (Figure 3c). Chen et al. developed metal grid/
ITO hybrid microelectrodes where the intrinsically transparent
patterned ITO islands or uniform ITO films occupied the vacant
space of the metal grids to significantly increase the effective
interfacial areas between the electrode and electrolyte without
changing the geometrical microelectrode areas (Figure 3d).116

The resulting metal grid/ITO island hybrid microelectrode
showed a high optical transparency at 81% from 400 to 800 nm
with a low Rsh at 14.1 Ω/sq and a normalized 1 kHz impedance
at 18.4 Ω·cm2 while the pure metal grid showed a Rsh at 26.8 Ω/

sq and a normalized 1 kHz impedance at 212.1 Ω·cm2.
Importantly, the hybrid microelectrodes possessed the mechan-
ical flexibility of the soft metal grid structures instead of the
brittle ITO where the Rsh of the hybrid structures remained
stable after 5000 bending cycles against a small radius of 5 mm.
The mechanical softness and durability of patterned metal
structures have been further evaluated by multiple groups. For
example, Guo et al. reported that grain lithography-prepared Au
nanomesh exhibited excellent mechanical robustness with no
signs of fatigue or changes in electrical resistance up to 40%
tensile strain.117 Jin et al. reported that a hybrid Ag grid/
PEDOT:PSS structure could exhibit superior mechanical
stability up to 10,000 bending cycles at a small bending radius
of 1 mm.118

3. SOFT TRANSPARENT MEAS FOR NEURAL AND
CARDIAC APPLICATIONS

Recent developments of transparent MEA systems have mainly
focused on applications to the brain and heart because they are
among the most vital components of the human body and make
up many human diseases.14,119 In this section, we focus on

Figure 4.Nonpenetrating flexible transparent recording and stimulation neural MEAs. Schematic illustrations of the CLEAR device (a) and the opto-
experimental setup (b). (c) Fluorescence image of the CLEAR device on the cortex of a mouse. Scale bar, 500 μm. (d) OCT angiogram showing the
cortical vasculature through the CLEAR device. Scale bar, 200 μm. Reproduced from ref 25. Copyright 2014, Springer Nature. Fluorescence images of
a GCaMP6 mouse cortex with a transparent graphene ECoG MEA (e) and an opaque Pt MEA (f). (g) Fluorescence intensity over graphene
microelectrodes (left) (data from yellow dotted line in (e)) and Pt microelectrodes (right) (data from yellow dotted line in (f)), respectively.
Reproduced from ref 44. Copyright 2018, American Chemical Society. (h) A transparent and ultrathin OECT array. (i) Electrical characteristics of the
transparent OECT. (j) (Left) Schematic illustration of OECT measurements under illumination from a white LED. (Right) Transconductance
characteristics with and without the white LED illumination. Reproduced from ref 126. Copyright 2023, Wiley.
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flexible or stretchable transparent MEAs and their applications
as neural and cardiac interfaces in both nonpenetrating and
penetrating structure designs based on the transparent
conductor materials and structures discussed in Section 2.
Specifically, based on the reported design approaches, we
discuss (i) flexible nonpenetrating transparent MEAs for neural
interfacing with reduced mechanical mismatch, (ii) stretchable
nonpenetrating neural transparentMEAs that can accommodate
the strain/deformation of brain tissues, (iii) soft penetrating
transparent MEAs to probe deeper brain regions, and (iv) soft
conformal transparent MEAs for cardiac investigations.
3.1. Flexible Nonpenetrating TransparentMEAs Based

Neural Interfaces. Neural MEAs may be classified into
nonpenetrating and penetrating geometries. Nonpenetrating
electrocorticography (ECoG) MEAs could electrically record
neural activity in a less invasive way than penetrating MEAs
while having better signal quality than electroencephalography
(EEG) MEAs.14 The mechanical softness feature of non-
penetrating MEAs would allow them to maintain conformal
contact with the brain surface for effective interfacing. Early
flexible transparent MEAs were demonstrated for ECoG
recordings from the cortical surface with simultaneous optical
imaging or optogenetic modulation using single- or few-layer
graphene sheet-based microelectrodes.25,26 The graphene films
were grown by chemical vapor deposition (CVD) on copper
foils, then transferred to flexible polymer substrates via wet
transfer techniques and patterned by photolithography and
reactive ion etching (RIE). An inherent trade-off between
optical transparency and electrical conductivity/impedance
exists for graphene MEAs, where more graphene layers improve
the electrical conductivity/impedance but decrease the optical
transparency. In one example, the 16 channel graphene-based,
carbon-layered electrode array (CLEAR) device was patterned
on a transparent parylene C substrate (Figure 4a).25 The
microelectrodes included four layers of graphene to achieve a
lower Rsh (76 Ω/sq compared to 152 Ω/sq in single layer
graphene) and a higher fabrication yield. The resulting
microelectrodes (200 μm in diameter) exhibited >90% optical
transparency from the ultraviolet to infrared (IR) region of the
spectrum and a 1 kHz impedance of ∼240 kΩ. The mechanical
flexibilities of the devices allowed them to conform to brain
surface areas (Figure 4b) for electrical recording of optogeneti-
cally evoked neural signals, fluorescence imaging (Figure 4c),
and imaging of the cortical vasculature through optical
coherence tomography (OCT) (Figure 4d). In a separate but
related work, doped graphene MEAs were fabricated on thin
polyimide substrates (thickness 12.5 μm) for simultaneous
electrical recording and calcium imaging.26 The chemical
doping was achieved by exposing the graphene surface to nitric
acid, resulting in the adsorption of NO3

− groups. Due to the
relative high Rsh of the graphene layers, Au interconnects and
bonding pads were used. A significant improvement in SNR and
reduction in electrical interference noise compared to solid Au
electrodes were realized. The 16 channel graphene MEAs
showed ∼80% transparency and a 1 kHz impedance of 541 kΩ
with an individual microelectrode size of 50 μm × 50 μm. The
electrical signals from the hippocampal tissue recorded by
graphene MEAs aligned well with the colocalized calcium
transients from confocal microscopy setups. The combination of
the two recording modalities unraveled both the spatial and
temporal characteristics of the high-frequency oscillations and
synaptic potentials. In another work by Thunemann et al., it was
demonstrated that crack- and residue-free flexible and trans-

parent graphene MEAs could be realized by optimizing (1) the
graphene transfer and (2) photoresist and organic residue
removal from graphene surfaces during the fabrication
process.120 More recently, transparent graphene ECoG MEA
has been combined with calcium imaging to unravel the state
transitions in the temporal and spatial progression of seizures,
with potentials to enable targeted therapeutic interventions in
the future.121

In addition to ECoG recording, Park et al. later developed
another transparent CLEAR device for simultaneous electrical
stimulation of the cortex with in vivo optical monitoring.44 The
charge density of the capacitive four-layer graphene micro-
electrodes (17,671 μm2) could reach 116.07−174.10 μC/cm2.
The electrical stimulation evoked calcium fluorescence was
clearly visible in the CLEAR device while obstructed in an
opaque Pt MEA (Figure 4e−g).
More recently, PEDOT:PSS-based soft and transparent

ECoG MEAs are developed from solution processing-based
fabrication techniques, which avoid the additional transferring
process in the aforementioned graphene MEAs.27 For example,
Cho et al. reported a transparent MEA composed of a single
layer of ethylene glycol (EG)-treated PEDOT:PSS as both the
interconnects and microelectrodes on a transparent PET
substrate. The fabrication adopted a facile ultrasound lift-off
process with spin-coated PEDOT:PSS dispersion. EG treatment
dramatically improved the conductivity and electrochemical
performance of the PEDOT:PSS microelectrodes without
sacrificing optical transparency (85%). The 1 kHz impedance
value of the 16 PEDOT:PSS-EG microelectrodes (300 μm ×
300 μm) in the MEA ranged from 50 to 70 kΩ. The transparent
PEDOT:PSS-EG MEA allowed blue light from a laser to
accurately transmit to the right cerebral cortex areas expressing
blue light-activated opsin ChR2 underneath the MEA and
recorded the optically evoked changes in neural activity. In
comparison, an opaque Au MEA exhibited much less light-
evoked neural activity due to its low optical transmittance. The
biocompatibility of the PEDOT:PSS-EG MEA was assessed
with cell proliferation experiments using primary cortical
neurons and PC12 cells for 6−7 days. No statistically significant
differences in cell viability were observed between the MEA and
a glass control substrate, suggesting the excellent biocompati-
bility of the PEDOT:PSS-EG MEA. In another example,
Donaldson et al. demonstrated transparent PEDOT:PSS MEA
for simultaneous electrical and optical recording of cortical
dynamics from multiple brain regions.122 The patterning and
fabrication of the MEA relied on inkjet printing of Ag
interconnects and bond pads and 200 nm thick PEDOT:PSS
microelectrodes (50 μm in diameter) on laser patterned PET
substrates, followed by parylene C encapsulation. The 10
microelectrodes in the MEA spread over a window with a large
field of view of ∼45 mm2 for simultaneous optical imaging. The
fully assembled implant only weighed ∼1.4 g, which is suitable
for chronic applications in small animals. The performance of
the microelectrodes remained stable after implantation in vivo
over 100 days.
To achieve MEAs with high spatial resolution, micro-

electrodes with sizes comparable to those of single neurons
(∼10−20 μm) are preferred.14 In this context, the most
challenging technical issue was how to maintain an excellent
impedance performance for high-fidelity recording at such small
sizes. To resolve this challenge, Qiang et al. developed flexible
and transparent 32 channel MEAs with Au/PEDOT:PSS bilayer
nanomesh structures on a parylene C substrate using a
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nanosphere lithography method.31 The PEDOT:PSS layer
(thickness 85 nm) was electroplated on the Au nanomesh
surface (mesh thickness 25 nm, mesh width 70 nm, and mesh
pitch 1 μm). The resulting MEAs exhibited 70% optical
transmittance in the visible range. The 1 kHz impedance (130
kΩ) of a single microelectrode (20 μm diameter) was on par
with that of the nontransparent Michigan arrays and >20 times
lower than graphene or ITO microelectrodes with the same size
and optical transparency. The bilayer nanomesh MEAs enabled
simultaneous recording of the electrical activity of awake mice
with additional two-photon calcium imaging of a single neuron
in the visual cortex. The action potentials were classified into six
frequency bands (α, β, γ, high γ, ultrahigh γ, and multiunit). The
electrical signals below the α band (8−12 Hz) contained the
same temporal information as calcium imaging while the results
in higher frequency bands contained information onmuch faster
events beyond those that could be monitored by calcium

imaging, highlighting the benefits of multimodal electrical and
optical recordings for neuroscience research.
Compared to passive MEAs that require one wire per

microelectrode, active MEAs can potentially record signals with
a higher spatial resolution and allow integration of a larger
number of microelectrodes in the same geometrical area. This is
because each row and column of microelectrodes in the active
MEAs could be connected with only one wire and controlled by
multiplexing transistors to significantly reduce the number of
interconnects.123,124 To leverage such advantages, flexible and
transparent organic electrochemical transistors (OECTs) using
conductive polymers as channels are recently developed. For
example, Lee et al. designed a 3 μm thick 3 × 5 flexible active
MEA consisting of transparent OECTs with PEDOT:PSS as the
active layer and Au grid wirings as the source/drain and
interconnects on the surface of a rat brain.125 The Au grid was
fabricated by a photolithography and lift-off process.
PEDOT:PSS was prepared by spin coating and patterned by

Figure 5. Nonpenetrating stretchable transparent neural MEAs. (a) Schematic illustration of a CNT transparent MEA. (b) Minimized photoelectric
artifacts from a CNT microelectrode compared to a Au microelectrode. (c) Simultaneous CNT microelectrode recorded electrical signals (top left)
and optical calcium transients under the CNTmicroelectrode (bottom left) during seizure-like events. (Right) Two-photon images for the four dashed
timelines on optical calcium transients. Reproduced from ref 128. Copyright 2018, American Chemical Society. (d) (Left) Photograph of a 16 channel
Au NWs ECoG array. (Right) Schematic illustration of the MEA covering multiple regions of interest in the cortex of a mouse. (e) Representative
correlated ECoG signals from the MEA and two-photon calcium fluorescence signals. Reproduced from ref 129. Copyright 2020, Wiley.
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dry etching. The optimized Au grid wirings had a grid width of 3
μm and a pitch of 18 μm, with an optical transmittance of 69%
and a Rsh of 3 Ω/sq. This device demonstrated a 1 kHz
impedance of 10 kΩ with a microelectrode size of 1400 μm2.
The optogenetically evoked ECoG signals by a 473 nm laser
beam from the transparent OECTs exhibited twice the
amplitude (700 μV) with minimized reflections of laser
stimulation compared to reference nontransparent OECTs.
More recently, Takemoto et al. developed another flexible and
transparent OECT array with Ag NWs electrodes and a
PEDOT:PSS channel (Figure 4h).126 The Ag NWs source/
drain electrodes and 180 nm thick PEDOT:PSS active layer
were patterned on a 1 μm thick parylene C substrate via selective
wetting deposition using rod coating with a high resolution
down to 20 μm. The encapsulation parylene was bonded via the
thermal lamination. The electrodes exhibited a high optical
transmittance of >90% in the visible region and a low Rsh of 25
Ω/sq. A high transconductance of ∼1 mS was obtained in low-
voltage operations (<0.6 V, Figure 4i), comparable to that of the
typical OECTs using Au source/drain electrodes. Figure 4j
shows that the gate voltage at peak transconductance was
insensitive to white light irradiance (2.3 mW/cm2).
3.2. Stretchable Nonpenetrating Transparent MEA-

Based Neural Interfaces. A moderate to high stretchability of
the MEAs is desired for applications in mechanically active
environments because they can form an intimate contact with
soft tissues (e.g., curvilinear brain or heart surfaces) and
withstand the repetitive strains induced by vital body functions
such as breathing and heart contraction (e.g., strain levels ∼10%
and 20% in the brain and heart, respectively).88,127 Zhang et al.
reported stretchable and transparent MEAs integrating CNT
microelectrodes, PDMS elastomer substrate, and SU-8
encapsulation (Figure 5a).128 CNT films were grown by CVD
and patterned on a copper foil sacrificial substrate with the SU-8
encapsulation layer by a RIE process. A PDMS layer was spin
coated on the CNT/SU-8 pattern side, followed by selective wet
etching to remove the copper foil sacrificial substrate and release
the MEAs. PDMS is ultrasoft, biocompatible, and transparent
and has a low sensitivity to the media’s osmolarity or pH. The
elastic properties of PDMS can be controlled by using different
PDMS materials and varying the ratio between base and cross-
linker components. As a result, PDMS has been widely used as a
stretchable and transparent substrate candidate for bioelec-
tronics. The MEAs exhibited an optical transmittance of >85%
in the visible and IR range with only a 26% increase in
impedance under a tensile strain of 20% due to the stretchability
of the percolation CNT network. In comparison, the impedance

of graphene microelectrodes increased >10 times upon only 3%
of tensile strain. The photoelectric artifacts were undetectable
for the CNT microelectrodes when exposed to 2.4 mW/mm2

blue light illumination while the artifacts from opaque Au
microelectrodes were ∼60 μV (Figure 5b). Figure 5c presents
concurrent ECoG signals and two-photon calcium imaging
results from GCaMP expressing cortical neurons under the
CNT MEAs during a seizure-like ictal event. The calcium
imaging captures the contributions of individual neurons in the
complex network while the CNT electrical recording enables
detection of high frequency population discharges at a high
temporal resolution without perturbing either sensing mode. In
another example, a 16 channel stretchable and transparent
ECoG MEA was fabricated from Au NWs on PDMS (Figure
5d).129 The fabrication process contains three main steps,
including photolithographic patterning of filter membranes as
masks, filtration of Au NWs or Pt particles through these masks,
and embedding the conductive components into patterns in
PDMS. The MEAs showed 90% optical transparency and a 1
kHz impedance of 1 kΩ with a microelectrode size of 94,200
μm2. The MEAs were chronically stable in vivo for weeks and
suitable for simultaneous two-photon calcium imaging and
ECoG recording in awake and anesthetized animals. The
calcium signals exhibited a correlation in positive and negative
peaks with the ECoG results where the ECoG signals exhibited
faster temporal dynamics (Figure 5e), and fluorescence imaging
provided higher spatial resolution across the full field of view.

3.3. Soft Penetrating Transparent MEA-Based Neural
Interfaces. ECoG or EEG recording and stimulation MEAs are
not sufficient to probe neural activity in deeper brain regions.
Soft transparent penetrating MEAs that can probe different
depths of the brain would complement those aforementioned
nonpenetrating transparent MEAs and yield additional
information. Lee et al. produced an intracortical “micro-
optoelectrode array” from the optically transparent wide
bandgap semiconductor zinc oxide (ZnO).130 The device was
fabricated from a ZnO bulk single crystal and consisted of a 4× 4
array of electrically isolated shanks (each 1.5 mm long, 400 μm
pitch) in a form factor similar to the Utah array. ZnO served as
both the electrical recording channel and optical waveguide
(∼200 kΩ impedance, >70% transparency, refractive index
∼2.0) with a parylene C cladding layer (refractive index∼1.6) so
optical power could be transmitted to the exact position of the
electrical recording sites. The resulting device allowed
combination of different optical and electrical functions
(electrical recording and stimulation with optical stimulation
and recording) at the tip of each individual channel at an ∼1.5

Figure 6. Penetrating transparent neural MEAs. (a) Schematic of a 32 channel transparent Au/PEDOT:PSS bilayer nanomesh penetrating MEA. (b)
SEM image of four shanks of the MEA. (c) Average spiking activity recorded by each channel in the MEA from the visual cortex of an anesthetized
mouse. Dashed dots indicated no spike detected at the channel. Reproduced from ref 131. Copyright 2019, Wiley.
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mmdepth into the brain. More recently, progress has beenmade
to develop penetrating MEAs with improved mechanical
softness. For example, Seo et al. demonstrated a flexible and
transparent penetrating 32 channel MEA consisting of Au/
PEDOT:PSS bilayer nanomeshmicroelectrodes on a parylene C
substrate (Figure 6a).131 The microelectrodes exhibited a 1 kHz
impedance of 149 kΩ with sizes of 15 μm × 15 μm to measure
single-unit action potentials in the brain and a 67% optical
transparency at 550 nm. The MEA showed great mechanical
robustness with negiligible changes in impedance after 1000
bending cycles against a 4 mm small bending radius. The largest
cross-sectional footprint of each shank is 20 μm × 90 μm, which
is beneficial to reduce the tissue damage during implantation.
Due to the extreme softness of the parylene C shanks (Figure
6b), polyethylene glycol was used as a biocompatible stiffener to
temporarily harden the MEAs for better insertion into the
intracortical areas of the brain. Figure 6c presents the recorded
single-unit neural activity across multiple layers of the mouse
visual cortex by the penetrating MEA.
3.4. Soft Conformal Transparent MEAs for Cardiac

Interfaces. Cardiovascular diseases are a leading cause of
morbidity and mortality worldwide.132,133 Due to their complex
underlying pathophysiology and immediate threat to life, they
are also among the most challenging human diseases to diagnose
and treat. In recent years, soft transparent MEAs have become

attractive tools to interface with beating hearts for crosstalk-free
integration of electrical recording/stimulation with optogenetic
modulation or optical mapping, which allows for a compre-
hensive investigation of heart functions in health and disease.
Chen et al. reported flexible and transparent 9 channel Ag NWs
MEAs for cardiac applications in 2021 (Figure 7a).28 The Ag
NWs structures were fabricated on transparent PET substrates
using fully solution-based photolithography steps where the
transparent Ag NWs networks (Figure 7b) served as both the
transparent microelectrodes and interconnects. This design not
only simplified the device fabrication process but also enabled
optical probing of the whole device area. The solution
processing-based fabrication techniques had a high patterning
resolution of ∼15 μm and could enable high-channel-count
transparent MEAs for large-scale cardiac mapping (Figure 7c).
The MEAs and interconnects exhibited a high optical trans-
parency of >90% at 550 nm, a normalized 1 kHz impedance
down to 3.4 Ω·cm2, a low Rsh of 4.1 Ω/sq, and a superior
mechanical flexibility with no changes in electrical performance
up to 100,000 bending cycles at a 5 mm radius. Studies on
Langendorff-perfused mouse and rat hearts demonstrated that
the Ag NWsMEAs enabled high-fidelity real-time monitoring of
heart rhythm during colocalized optogenetic pacing (Figure 7d)
and optical mapping (Figure 7e). The optical mapping signals
represented the average results over ∼0.5 to 1 mm of depth

Figure 7. Soft transparent cardiac MEAs. (a) Optical image of a 3 × 3 flexible and transparent Ag NWsMEA and interconnects. (Inset) Schematic of
theMEA design. (b) SEM images of the AgNWs network in theMEA. (c) Optical image of a 10 cm× 10 cm large area AgNWs film. (d) EG recording
results from the transparent Ag NWsmicroelectrodes during colocalized 10 Hz optogenetic pacing of a mouse heart. (e) (Left) Optical activation map
recorded from the left ventricle region of a rat heart. The Ag NWs MEA area was highlighted by the black dashed square. (Right) Simultaneous
electrical and optical activation maps obtained from the area under the Ag NWs MEA. Reproduced from ref 28. Copyright 2021, Wiley. (f) Optical
image of a stretchable and transparent Au−Ag NWs MEA conformally laminated on the left ventricle epicardium of a rat heart. (g) Transmission
electron microscopy image of a core−shell structure Au−Ag nanowire. (h) Representative ECG signals (blue), colocalized and time aligned 9 channel
EG signals (black) and optical transmembrane potential mapping signals (magenta) captured simultaneously during electrical pacing conditions.
Reproduced from ref 108. Copyright 2023, Wiley.
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below the epicardial surface while the electrogram (EG) signals
recorded by the Ag NWs MEA were directly from the tissue
surface. To form a conformal contact with the mechanically
active beating hearts (up to 20% strain), the same group later
reported a stretchable version (stretchability of 40%) of the
transparent Ag NWs MEA with PDMS encapsulation and

substrate layers.134 The EG signals recorded by the Ag NWs
microelectrodes from the epicardial surface of mouse hearts
during concurrent optogenetic pacing before and after
stretching showed similar morphologies, suggesting their
mechanical robustness. More recently, 9 channel highly
transparent and stretchable core−shell structure Au−Ag NWs

Figure 8. Soft transparent microelectrode-based hybrid opto-electric devices for simultaneous electrical recording and optogenetics. (a) Optical image
of a blue μ-LED integrated graphene MEA device. (b) Photography of a fully assembled device with the connector and 1 μ-LED emitting blue light.
Reproduced from ref 138. Copyright 2021, American Chemical Society. (c) Optical images of multifunctional opto-electric devices integrating Au
nanogrid microelectrodes with blue and green μ-LEDs. (d) Photoelectric artifacts of the Au nanogrid microelectrodes versus different irradiances from
the blue μ-LEDs in the opto-electric devices. (e) EG recording signals from an opto-electric device showing the detection and termination of AV block
via optogenetic pacing with the blue μ-LED in the same device. Reproduced from ref 109. Copyright 2020, Wiley. (f) Optical images of multilayered
opto-electric array devices with 4 μ-LEDs and 16 Au grid microelectrodes. (g) Impedance histogram of the 16 Au grid transparent microelectrodes in
the opto-electric array devices. (h) Optical image of an opto-electric array device contacting the beating mouse heart in vivo. (i) In vivo 16 channel EG
mapping results during sinus rhythm and optogenetic pacing using the μ-LED in the bottom left corner of the opto-electric array devices. (j) Electrical
activation map during multisite optogenetic pacing (pacing sites highlighted by the yellow box). Gray scale bar, 15 ms. Black scale bar, 1 mm.
Reproduced from ref 139. Copyright 2022, Wiley.
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MEAs were developed (Figure 7f).108 Compared to bare Ag
NWs MEAs, electroplating an ultrathin (6 nm) Au shell (Figure
7g) significantly improved the chemical stability, biocompati-
bility, and electrochemical performance of the Au−Ag NWs
MEAs with minimal loss of optical transparency. The resulting
Au−Ag NWs MEAs exhibited an optical transparency of ∼80%
in the visible region, a low normalized 1 kHz impedance of 1.2
Ω·cm2, a stable electrochemical performance after exposure to
oxygen plasma for 5 min, and cyclic mechanical stretching for
600 cycles at 20% strain. The excellent mechanical stretchability
resulted from the use of a PDMS elastomer substrate and
photolithographic patterned serpentine-shaped Ag NWs inter-
connect structure designs, confirmed by finite element analysis.
The serpentine structure on elastomer substrates is an effective
design to achieve stretchable bioelectronic devices.135 Figure 7h
demonstrates the time-aligned EG signals recorded by the Au−
Ag NWs MEA and optically mapped action potentials from the
tissue below each microelectrode during electrical pacing. The
downward deflections in the EG signals align well with the
depolarization phase of the action potentials from colocalized
optical mapping. In addition, the voltage-calcium activation
delay was precisely extracted by the electrical activation times
measured using MEA EG signals and the beginning of
intracellular calcium transients from optical calcium fluores-
cence mapping through the MEAs, which further demonstrated
the capability of colocalized mapping of cardiac excitation-
contraction coupling using the stretchable Au−Ag NWs MEA.

4. SOFT MULTIFUNCTIONAL OPTO-ELECTRIC
DEVICES FOR NEURAL AND CARDIAC INTERFACES

The transparent MEAs in Section 3 all rely on external optical
fiber or microscope setups for simultaneous optogenetic
modulation or optical mapping. Another important emerging
engineering approach to combine electrical and optical
modalities is to integrate custom-made or commercially
available μ-LEDs and μ-PDs with transparent microelectrodes
on a chip. In such hybrid devices, the optical channels will be
directly underneath the transparent microelectrodes for
colocalized electrical and optical operations around the same
sites. Here, electrical recording/stimulation directly takes place
at the abiotic/biotic interface. Meanwhile, the underneath μ-
LEDs and μ-PDs provide optical light delivery to or receive the
local fluorescence signals from the tissue after photons penetrate
through the transparent microelectrodes. Those devices are
advantageous toward (1) fully wireless multimodal investiga-
tions in freely behaving test subjects, (2) multimodal
implantable applications in deep tissues where it is very difficult
to precisely align the external optical components (e.g., optical
fibers) with transparent MEAs without spatial mismatch, (3)
studies that prefer focused light illumination to small tissue
areas, and (4) simultaneous optical operations at different
wavelengths, etc. Meanwhile, the development of transparent
microelectrode-based hybrid opto-electric devices is muchmore
challenging compared to transparent MEAs alone due to the
requirement to integrate additional optical components in the
devices and remains largely unexplored. In this section, we
highlight several recent examples in soft hybrid opto-electric
devices that combine transparent microelectrodes, light sources,
and/or photodetectors on a chip.
4.1. Soft Opto-Electric Devices for Electrical Recording

and Optogenetics. Initial soft hybrid opto-electric devices
relied on manual bonding of separately fabricated transparent
MEA films with films of surface-mounted μ-LEDs using glues or

adhesives to accommodate the electrical recording and
optogenetic modulation modalities. In one example, Kwon et
al. designed a 4× 4multichannel Opto-μECoG array combining
a transparent MEA and a blue μ-LED array.136 The μECoG
array consisted of transparent ITO microelectrodes (100 nm
thick), Au interconnects, and a parylene C substrate (10 μm) for
electrical recording (1 kHz impedance between 1 and 5 kΩ)
without compromising the optical throughput due to a high
optical transmittance of 80%. The μ-LED array was fabricated
using commercial blue μ-LED chips (220 μm × 270 μm × 50
μm) with an emission maximum of ∼470 nm by a microtransfer
printing and reflow soldering process. The separately fabricated
μECoG array and blue μ-LED array were then aligned and
bonded together using a 50 μm thick SU-8 adhesive layer.
Importantly, a <0.3 °C increase in temperature was observed
with the μ-LEDs operating at an input voltage of 2.8 V with an
output irradiance of ∼10 mW/mm2 for optogenetic applica-
tions, which was well below the thermal threshold (2 °C) for
tissue damage.137 In another work, Park et al. reported flexible
blue μ-LED integrated graphene MEAs where arrays of μ-LEDs
were vertically stacked on top of transparent graphene
microelectrodes so photons emitted from the μ-LEDs could
pass through the microelectrodes for synchronous optical
stimulation and electrical recording of the same cells (Figure
8a).138 The μ-LED array and graphene MEA were fabricated
separately on transparent polyurethane and PET substrates.
Their backsides were attached and bonded at the array region
using a polyurethane glue (Figure 8b). The measured photo-
electric artifacts from the grapheneMEAs were between 100 and
200 μV with the μ-LEDs operating at different intensities, which
were comparable to the artifacts of the transparent graphene
MEAs when exposed to external laser light sources.25,44

Obaid et al. exploited advanced structure design approaches
with suitable materials and reported another flexible opto-
electric device design by monolithically integrating transparent
Au nanogrid microelectrode on μ-LEDs (Figure 8c).109 For
device fabrication, multicolor μ-LEDs were first microtransfer
printed and soldered on photolithographically defined inter-
connects on PET substrates. The nanogrid microelectrodes
were then directly patterned ontop of the μ-LEDs via electron-
beam lithography (EBL). The parameters of the nanogrid
microelectrodes (e.g., grid width and pitch) could be adjusted by
EBL, and the optical profiles of the μ-LEDs could be tuned using
commercial μ-LEDs with different emission wavelengths. The
microelectrodes exhibited an optical transmittance of >70% in
the visible region and a low normalized 1 kHz impedance of 5.9
Ω·cm2. The photoelectric artifacts from the nanogrid micro-
electrode during the concurrent operations of the underneath
blue μ-LEDs were negligible (Figure 8d) due to the combined
effects of high optical transparency and bilayer Cr/Au design
where the 15 nm Cr layer prevented the majority of photons
from reaching to the Au layer. Ex vivo testing on Langendorff-
perfused mouse hearts (Figure 8e) showed that the hybrid
device could record abnormal heart rhythms such as an
atrioventricular (AV) block with the nanogrid microelectrode
and restore sinus rhythm through optical pacing at programmed
conditions with the μ-LED. The device biocompatibility was
evaluated with the devices sutured to the dorsal skin and
epicardial surface of rat hearts for 4 weeks. Histological analysis
suggested the devices were fully biocompatible. In a more recent
study, the same group took a major leap forward and developed
flexible opto-electric arrays containing 16 transparent Au grid
microelectrodes and 4 multimolor blue and green μ-LEDs at the
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corners (Figure 8f).139 Each μ-LED had a Au grid micro-
electrode (grid width 1.5 μm, grid pitch 15 μm) directly on top.
The microelectrodes exhibited uniform performance with an
average 1 kHz impedance of 13.2 ± 0.56 kΩ (Figure 8g), a CSC
of 0.51± 0.01mC/cm2, and a high optical transparency of >70%
from 400 to 800 nm. The array devices allowed colocalized
crosstalk-free spatiotemporal cardiac electrical mapping/pacing
and optogenetic modulation of animal hearts and human heart
slices ex vivo and in vivo (Figure 8h) to investigate cardiac
excitation wave patterns and conduction velocity at both
regional and tissue levels on the epicardial surface. Figure 8i
shows 16 channel electrical mapping results from the MEA
during sinus rhythm and 10 Hz optogenetic pacing from a
corner blue μ-LED on a beating heart in vivo. Figure 8j presents
the activation map from the MEA during multisite optogenetic
pacing with 2 μ-LEDs. Multisite pacing reduced the activation
time range (9.45 ms) compared to single site pacing (13.4 ms).
4.2. Soft Opto-Electric Devices for Electrical Recording

and Optical Recording. Multimodal hybrid opto-electric
devices that allow simultaneous monitoring of electrical and
optical fluorescence signals at the same site are desirable to
leverage the advantages of both methods and help to fully
understand the correlation and interaction between the two data
types. They are generally much more challenging to build than

those hybrid electrical recording and optogenetic modulation
tools in Section 4.1 because only μ-LED light sources are
required for optogenetics to excite opsins while μ-LEDs,
appropriate μ-PDs, and effective on-chip optical filters are
needed for fluorescence recording to both excite and selectively
record fluorescence from fluorescent reporters. Recently, the Lu
group designed and fabricated a flexible and multimodal opto-
electric probe that monolithically integrated a blue μ-LED and a
μ-PD coated with an effective optical filter beneath a transparent
Au nanogrid microelectrode for such applications (Figure
9a).140 The advanced structure design and fabrication process
consists of (1) photolithographic patterning of metal
interconnects for the microelectrodes and optoelectronic
components, (2) microtransfer printing and reflow soldering
to prepare μ-LEDs and μ-PDs, (3) photolithographic patterning
of optical filters on μ-PDs, and (4) EBL to generate the Au
nanogrids above the μ-LEDs and μ-PDs. The Au nanogrid (grid
width 400 nm and pitch 6 μm) featured an optical transmittance
of >80% in the visible region and a low normalized 1 kHz
impedance of 6.3 Ω·cm2. Figure 9b and c presents electrically
recorded signals of a programmed sine wave during simulta-
neous optical recording of 1 μM calcium fluorescence signals
from the hybrid opto-electric device with no observable
crosstalk. By optimizing the conditions of the optical filters, a

Figure 9. Soft transparent microelectrode-based opto-electric devices for simultaneous electrical and optical recordings. (a) (Top) Schematic of a
flexible multimodal opto-electric device integrating a transparent Au nanogrid microelectrode, a blue μ-LED, and a μ-PD with optical filter. (Bottom)
Optical image of an opto-electric device. (b) Representative electrical recording output of a 200 μV peak-to-peak sine wave by the transparent Au
nanogrid microelectrode in the opto-electric device with and without simultaneous optical calcium fluorescence recording. (c) Representative power
spectral density (PSD) graph of the recording results in (b). Fluorescence measurement results from calcium dyes with calcium concentrations ranging
from 0.1 to 20 μM (d), and FAD solutions with concentrations ranging from 10 to 1000 μM (e), respectively. Reproduced from ref 140. Copyright
2023, American Chemical Society.
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high wavelength selectivity >1300 and a superior linearity in
response (R2 > 0.99) were realized for measuring of various
green fluorescent reporters such as calcium indicators (Figure
9d) and flavin adenine dinucleotide (FAD) (Figure 9e).

5. CONCLUSIONS AND OUTLOOK
Bioelectronic interfaces integrating electrical and optical modal-
ities represent unique tools to understand the brain and heart
functions. In this context, transparent MEAs have become a
versatile technology for simultaneous electrical and optical
recording and modulation of cell activities at the cellular, tissue,
and organ levels with high selectivity and spatiotemporal
resolution. Compared to conventional opaque MEAs, the
most important advantages of transparent MEAs are that they
enable accurate colocalized electrical and optical investigations
in a crosstalk-free manner without interfering with each other.
This review first highlights recent advances in soft transparent
microelectrode materials and structures that can be used as
neural or cardiac interfaces. Next, a detailed summary of flexible
and stretchable transparent MEA device designs, fabrication
methods, and their applications on the brain and heart to
understand the behaviors of neurons and cardiomyocytes, as
well as to diagnose the health conditions and provide therapeutic
benefits is introduced. Moreover, recent developments in
constructing hybrid opto-electric devices with transparent
microelectrodes, μ-LEDs, and/or μ-PDs for on-chip electrical
and optical sensing and modulation are demonstrated. The
representative characteristics of the transparent microelectrodes
in Sections 3 and 4 are presented in Table 1.
Developing high-performance transparent microelectrodes

that overcome the trade-off between microelectrode sizes,
impedance, and optical transparency remains challenging. With
further advances in materials, structural design, fabrication
methods, transparent microelectrode-based soft electrical and
opto-electric tools will open more opportunities in fundamental
neuroscience and cardiology as well as enable innovative
biomedical device development for treating neurological
disorders and cardiovascular diseases. One natural evolution is

to develop transparent conductors with additional function-
alities such as neurochemical sensing.141 In addition, there is an
urgent need to design high density soft 2D or even 3D
transparent microelectrode-based devices for probing a large
volume of tissue on the surface or in the deep regions of organs
with high spatiotemporal resolution and minimal invasiveness.
In this context, devices with excellent biocompatibility,
stretchable conformal mechanics, robust encapsulation, and
substrate materials are crucial to realize stable chronic
applications. Challenges in achieving superior mechanical
performance for long-term use include the ability to maintain
electrochemical sensing/stimulation performance and optical
transparency during large mechanical strains/deformations and
stretch/release cycles. In contrast, bioresorbable transparent
microelectrodes that support implantable operations for a
relatively short period of time and then disappear naturally over
time afterward via bioresorption represent another direction of
development to take advantage of the important benefits
associated with bioresorbable electronics in promoting disease
treatment (e.g., eliminating the needs for secondary surguries for
device extraction).142,143 Moreover, compared to conventional
MEA technologies, scaling up the channel counts (thousands of
channels) in transparent MEAs is more difficult, especially on
soft substrates. Another milestone is to integrate a variety of
components, such as light sources, photodetectors, optical
filters, transparent microelectrodes, power sources, controls,
data processing, and communication units together into wireless
fully implantable devices for multimodal and/or closed-loop
electrical and optical interrogation of organ functions with
negligible adverse effects to the test subjects. Furthermore,
integrating soft transparentmicroelectrodes into or onto existing
biomedical devices could potentially facilitate diagnostics and
treatments of diseases in clinical practices. For example, those
transparent microelectrodes will allow for direct electrical
sensing/stimulation and visualization of the underneath areas
of interest to assist optical diagnostics/therapies or enhance
tissue ablation efficiency when integrated on the tip of
endoscopes.144

Table 1. Summary of Characteristics of Transparent Microelectrodes Used in MEAs and Multimodal Opto-Electric Devices

microelectrode materials optical transmittance 1 kHz impedance (kΩ)
flexible/

stretchable application device type ref.

graphene ∼90% 243.5 ± 5.9 flexible brain (nonpenetrating) MEA 25
doped graphene ∼60−80 (>550 nm) 541 flexible brain (nonpenetrating) MEA 26
graphene >90% 100−600 flexible brain (nonpenetrating) MEA 44
PEDOT:PSS 85% 50−70 flexible brain (nonpenetrating) MEA 27
PEDOT:PSS ∼77%−80% ∼16−19 flexible brain (nonpenetrating) MEA 122
Au/PEDOT:PSS nanomesh ∼70% 130 flexible brain (nonpenetrating) MEA 31
PEDOT:PSS OECT 69% 10 flexible brain (nonpenetrating) MEA 125
PEDOT:PSS OECT >90% 10−40 (100 Hz) flexible brain (nonpenetrating) MEA 126
CNT >85% 200 ± 30 stretchable brain (nonpenetrating) MEA 128
Au NWs >90% 0.998 ± 0.093 stretchable brain (nonpenetrating) MEA 129
ZnO >70% ∼200 N/A brain (penetrating) MEA 130
Au/PEDOT:PSS nanomesh 67% 149 flexible brain (penetrating) MEA 131
Ag NWs 77%−90% 1.2−14.7 flexible heart MEA 28
Ag NWs 61%−81% 0.90−1.43 stretchable heart MEA 134
Au−Ag NWs >80% 0.86−9.4 stretchable heart MEA 108
ITO 55%−80% 1−20 N/A brain (nonpenetrating) multimodal opto-electric 136
graphene ∼85% 161 flexible N/A multimodal opto-electric 138
Au nanogrid >70% 59.3−477 flexible heart multimodal opto-electric 109
Au microgrid >70% 6.5−18.5 flexible heart multimodal opto-electric 139
Au nanogrid >80% 157−571 flexible N/A multimodal opto-electric 140
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