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Abstract

Three-dimensional microelectrode arrays (3D MEAS) have emerged as promising tools to detect
electrical activities of tissues or organs /n vitro and /n vivo, but challenges in achieving fast,
accurate, and versatile monitoring have consistently hampered further advances in analyzing cell
or tissue behaviors. In this review, we discuss emerging 3D MEA technologies for in vitro
recording of cardiac and neural cellular electrophysiology, as well as /in vivo applications for heart
and brain health diagnosis and therapeutics. We first review various forms of recent 3D MEAs for
in vitro studies in context of their geometry, materials, and fabrication processes as well as recent
demonstrations of 3D MEAs to monitor electromechanical behaviors of cardiomyocytes and
neurons. We then present recent advances in 3D MEAs for /n vivo applications to the heart and the
brain for monitoring of health conditions and stimulation for therapy. A brief overview of the
current challenges and future directions of 3D MEAS are provided to conclude the review.
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1.

Introduction

The functions of human cells, tissues, and organs have been a major area of pursuit for study
in medicine and biological sciences to understand the physiology of the human body.
Electrophysiology, in particular, has become intriguing towards this goal because it enables
accurate, real-time collection of information which characterizes the inception of
extracellular field potentials, as well as for potential propagation from extracellular field
potential recordings (Gomes et al., 2016). However, the interpretation of these extracellular
properties remains a constant challenge due to several confounding factors and technical
limitations (Herreras, 2016). The development of microelectrode arrays (MEAS) have not
only demonstrated prospects for /n vitrorecording of extracellular field potentials of cardiac
(Connolly et al., 1990; Dai et al., 2016; Thomasjr et al., 1972) and neural cell behaviors
(Borkholder et al., 1997; Gross et al., 1982; Regehr et al., 1989), but also /in vivo studies by
implantation in biological tissues for real-time mapping, monitoring of organ activity, and
electrically/optically/thermally stimulated therapy (Chen et al., 2019; Choi et al., 2019; Lee
and Kim, 2019). Conventionally, extracellular potential measurement systems are conducted
with the 2D planar electrodes underneath a tissue or slice (Jones et al., 2011; Stett et al.,
2003). This system vitally consists of the tissue, and the interface between the tissue and the
electrodes, and the substrate embedding microelectrodes (Spira and Hai, 2013).

A major limitation in developing MEAS has been finding appropriate ways to improve their
performances with high sensitivity and higher signal to noise ratio (SNR) during electrical
recording and stimulation. Thus far, much effort has been devoted to addressing sensitivity
and SNR drawbacks for enhanced MEA performances. Adjustments include changing
electrode material composition for reduced impedance of the electrode (Kireev et al., 2017),
electrode geometry to make effective contact interfaces between the cells and electrodes
(Santoro et al., 2014; Weidlich et al., 2017), and electrode topography to increase interfacial
surface area (Choi et al., 2020; Smith et al., 2020). Investigation in the aforementioned
aspects has recently led the transition from traditional two-dimensional (2D) electrodes to
3D electrodes. This is attributed to greater surface area of the 3D electrodes, which
decreases the electrode impedance and enhances signal-to-noise ratio relative to planar
electrodes. The ongoing advances in 3D MEAs have brought about promising solutions in
versatile electrophysiological assays based on alterations of electrical activity measurement
for /in vitroand in vivo studies of complex tissue or organs.

In this review, we will discuss emerging trends of /n vitroand in vivo 3D MEA systems
designed for cardiac and neural monitoring and therapy. A variety of designs, materials, and
fabrication methods of electrodes will first be introduced, followed by how these parameters
can be controlled or utilized for intracellular/extracellular recordings for /in vitro analysis of
cardiac or neural cells. Next, we describe recent development in /in vivo 3D MEAs, which
are attached to the heart or brain for diagnosis or clinical therapy. Future investigations in the
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material and design of 3D MEAs, along with innovative approaches to comply with the size,
shape, and geometry of cells or tissues are needed for extensive analysis of their
electrochemistry, mechanics, and genetics. Overcoming current challenges in 3D MEAs may
potentially result in playing a key role in /n vitro high-throughput screening assays for
disease modeling, drug screening, or /n vivo personalized healthcare monitoring systems.

2. 3D Microelectrode Array for in vitro Applications

In recent years, studies of electrical activities within cardiac and neural cells have yielded
novel designs of 3D MEAs. Sensing changes in the action potential provides better
understanding of heart or brain tissue behavior, as well as /n vitro differences between
diseased and malfunctioning organ tissues. One strategy to reduce the impedance of
electrodes, achieve higher signal-to-noise ratio and selectivity has been manipulating the
geometry of 3D electrodes and materials defining the electrode architecture. Here, we
discuss recent methods that have been reported in order to design 3D MEAs for /n vitro
analysis of electrical activity of cardiomyocytes and neurons.

2.1 Material, Design, and Fabrication of in vitro 3D MEAs

To date, numerous 3D MEAS have been presented with variances in their materials, design,
and fabrication methods. The surface modification, material composition, and processing
parameters of electrodes are widely adopted approaches to enhance the MEAs. Figure 1A
illustrates the representative forms of 3D electrode/tissue interfaces. As shown in Figure
1A(i), mushroom-shaped electrodes are able to enhance the electrical coupling between the
neurons and electrodes (Santoro et al., 2014; Weidlich et al., 2017). The void between the
extracellular membrane and substrate may result in relatively weak electrical coupling,
which interferes with action potential propagation along with reduced signal-to-noise ratio.
To yield such architectures, silicon or glass substrates are coated with a Cr/Au layer
deposited via sputter deposition technique. This layer is photolithographically defined for
traces, bond pads and circular microelectrode sites and these features are etched into the
wafer. Further, another spin-coated layer of a sacrificial photoresist (PR) layer is defined on
the wafer. Photolithography is subsequently performed on this sacrificial PR layer for the
formation of microscale circular arrays. Thick film processes such as electroplating are used
to define a thick gold layer on top of the sputter coated circular microelectrode sites on the
wafer surface, and finally the sacrificial photoresist layer is removed (Fendyur and Spira,
2012; Hai et al., 2009). Moreover, volcano-shaped electrodes surrounded by cellular
membrane have been demonstrated to acquire higher action potential signals compared to
flat electrodes (see Figure 1A(ii) (Cools et al., 2017; Desbiolles et al., 2019). This particular
structure provides access to intracellular electrophysiology of neonatal cardiomyocyte. The
architecture of these 3D electrodes is produced based on local redeposition during ion beam
etching to pattern cavities onto the PR layer, followed by photolithography for multilayering
of walls for the volcano structure (Desbiolles et al., 2019). Figure 1 A(iii) depicts flexible
3D microelectrode probe arrays which provide interfacing with the neural network /n vitro.
The hinge regions in the probe may deform and allow the electrode probes to stand upright
during electromechanical monitoring. Unlike well-established 2D cell culture, each probe
consists of eight integrated electrodes which may non-invasively cover the 3D brain tissue
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for effective interaction (Soscia et al., 2020). As shown in Figure 1A(iv), vertically standing
nanowire electrodes have become a widely adopted configuration for extra- or intracellular
recordings, independent electrical addressability, high-throughput measurements, and high
signal to noise ratio (Abbott et al., 2017; Charvet et al., 2010; Dipalo et al., 2017; Lin et al.,
2017; Liu et al., 2017; Sohee Kim et al., 2007; Xie et al., 2012). Other applications for these
nanowire electrodes include extracellular recording upon contact with outer regions of the
cell membrane (see Figure 1A(iv), left dotted square) and intracellular recording upon
penetration of the 3D electrodes into the cell membrane (see Figure 1A(iv), right dotted
square). A flexible and porous substrate consisting of electrode arrays and a 3D scaffold has
also been proposed to record extracellular electrical signals of cardiac cells (see Figure
1A(V)) (Feiner et al., 2016). The porous constructs are designed to have minimal contact
with the tissues, allowing nutrients to circulate and promote cell maturation as well as tissue
growth. The 3D MEAs having mechanical properties similar to those of cellular
environment, may be rolled or folded with the cell sheets in order to replicate the structure
of biological tissues. Furthermore, MEASs with ion conductive, ion permeable
nanotopographic surfaces have been applied not only to increase interactive surface area,
which guide mass ion transfers generated from the cells to electrodes, but also to provide
maturation, organization, and alignment of the cardiac or neuron cells (see Figure 1A (vi)
(Choi et al., 2020; Smith et al., 2020). They confirmed that higher ion conductive materials
show effective ion transfers to the electrodes, allowing better extracellular recordings
without signal loss during the electrical coupling between cells to electrodes (Choi et al.,
2020). Such an electrode platform is fabricated through multiple steps of photolithography,
metal deposition, and etching. Recently, numerous studies have attempted to utilize 3D
printing to develop MEAS with hopes to replace conventional fabrication process. Kundu et.
al. (2019) exhibited a combined process which involves 3D printing to produce non-planar
MEA designs (Figure 1B). This approach consists of simple steps of 3D printing, casting of
conductive ink, electroplating, laminated/spun cast insulation and laser micromachining.
However, processes which involve 3D printing, relative to traditional photolithographic
methods, are relatively fast, customizable, facile, cost effective, and do not require complex
procedures for packaging (Kundu et al., 2019, 2018). In fact, in these techniques instead of
being a separate methodology, packaging can be co-designed and cofabricated with the
device due to the enormous flexibility in 3D printing. Recently, Kundu et al. (2020) have
even demonstrated a proof of concept 6-well and 12-well 3D MEAs with a selfinsulated
approach depicting possibilities for rapidly integrating 3D MEAs in multiwell plate formats
for integration with standard robotic and high-throughput electrophysiology instruments.
Didier et. al. (2020) investigated stretchable and flexible MEA designs with 3D micro-
serpentine architectures fabricated via micro-stereolithographic 3D printing. In addition,
Azim et. al. (2019) demonstrated 3D microscale towers fabricated by sequential 3D printing,
metal deposition, and lamination to insulate the traces. In comparison to most lithographic
approaches involving complicated steps, 3D printing enables simplicity and reduced
processes and time for the microfabrication and packaging of custom 3D microelectrodes
though long-term performance and technological comparisons of these devices with
traditional lithography-based devices are at an early stage of evaluation.
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in vitro Applications of 3D MEAs

With recent advances in 3D MEA designs, a plethora of studies have demonstrated novel
strategies of detecting cardiac/neuronal electrophysiological signals (Athanasiadis et al.,
2020; Heuschkel et al., 2018; Manuel et al., 2016; Musick et al., 2009; Tomaskovic-Crook et
al., 2019). Figure 2 exhibits 3D MEAs for /in vitro applications to understand the
electromechanical behaviors of cardiac and neuronal cells and tissues. Conventional planar
2D MEAs are composed of rigid surfaces, which are not appropriate to conform and
measure repeated cellular dynamics of contraction and relaxation. Such movements of
cardiac/neural cells and tissues may result in the loss of electrical coupling between the cell
membrane and electrode surface. Lind et. al. (2017) utilized a 3D printing approach to
develop a soft cantilever substrate array which contains flexible multilayers of a base
substrate, a strain gauge sensor, and a tissue-guiding layer (see Figure 2A(i)). Throughout
repeated contractions of the laminar cardiac tissue on the cantilevers, the strain gauge
sensors rolled up simultaneously and responsively to such movements. The tissue-guiding
layer not only aids in attaching the cardiac tissues to the substrate, but also recapitulates the
aligned cardiac architectures /n vitro. As shown in Figure 2A(ii), the device presents a
proportional relation between the resistance of strain sensors and the contractile stress of the
laminar tissue; this is contrary to many former works which analyze field potential duration
for measurement of cardiac contraction period. Figure 2B depicts flexible and freestanding
cardiac patches which include arrays of electrodes integrated with polycaprolactone—gelatin
nanofibers to sense the electrical activity of cardiac tissues (Feiner et al., 2016). Depicted in
Figure 2B(i) these biocompatible nanofibers are designed to cover the electrode arrays and
provide /n vivo-like microenvironments for cardiac tissue growth and structural organization.
Meanwhile, the electrode array is periodically embedded throughout the flexible substrate,
enabling signal propagation measurements of the engineered cardiac tissue. The scaffold on
the surface of the MEA provides a substrate for cardiac cell plating to create a thick,
foldable 3D cardiac patch (see Figure 2B(ii)). Photographic image of the device verifies
such phenomena, displaying the thick, folded 3D cardiac patch after 7 days of growth (see
Figure 2B(iii)).

Figure 2C(i) illustrates a 3D self-rollable biosensor array which encapsulates 3D cardiac
spheroids for 3D mapping and propagation of electrical signals (Kalmykov et al., 2019). 3D
cardiac spheroids have been viewed favorably over 2D reconstitutions because they can
better recapitulate the structure and microenvironment of native, /7 vivo human tissues and
cellular organizations. As shown in fluorescence image in Figure 2C(ii) the self-rolled
electrode array provides improved contact interface between the cardiac spheroid surface
and the 2D electrodes. Multisite, simultaneous measurements of electrophysiological signals
from this 3D multicellular system is also demonstrated. This MEA system may potentially
enable testing of drug effects on spheroids, as well as comparison between diseased and
healthy phenotypes.

Figure 2D represents a complementary metal-oxide semiconductor (CMOS)-activated
electrode array which connects to cultured neuronal networks and records intracellular
electrical signals (Abbott et al., 2020, 2017). The platinum-black (PtB) electrode array
consists of 4,096 platinum-black electrodes with nanoscale roughness. Nanotopography of
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the PtB electrode design provides increases in surface area and lowering of impedance that
enhances the SNR of each of the 4,096 electrodes. This yields not only an enhancement of
cell-to-amplifier signal transfer for higher recording sensitivity, but also a decrease in the
possible gas bubble generation during the electrode current injection. Prevention of bubble
formation is critical because they may disrupt the membrane-electrode interface and
electrical coupling. Another advantage of the PtB nanoscale roughness, beside reduced
impedance, is its physical role in tightening and stabilizing its seal with the cell membrane
(Dipalo et al., 2017; Hai et al., 2010; Lin et al., 2014; Liu et al., 2017).

3. 3D Microelectrode Arrays for in vivo Applications

Recent developments of 3D MEA systems have also opened up opportunities for these
devices to be applied to the heart and brain, which are recognized as two of the most vital
components of the human body (Hong and Lieber, 2019; Whyte et al., 2018). Malignances
between the two organs have recently drawn much attention, as they make up most of the
illnesses that occur among the human population (Khodagholy et al., 2013; Mendis et al.,
2011). Providing amplified interfacial contact area, sensitivity, and adaptability against the
physical complexities of the heart and the brain, 3D MEAs have become attractive
technologies to provide stable, accurate, and real-time propagation of signals which provide
vital information regarding the electrophysiology of organs (Fattahi et al., 2014; Kim et al.,
2016). From here, this review will cover recent advances in 3D MEAs which can monitor
health conditions of the heart and the brain /in vivo.

3.1 3D MEAs for in vivo heart applications

Cardiovascular diseases are a leading cause of morbidity and mortality around the globe,
which accounts for a total death toll as high as ~ 40% (Hong et al., 2019; Nie et al., 2018;
Wau et al., 2017). In order to alleviate the severity of cardiovascular diseases, the demand for
developing healthcare technologies which could continuously monitor heart conditions has
progressively increased. This is because cardiovascular diseases are easier to treat at earlier
stages, and are easily interpreted using patterns of electrocardiograms (ECGs), blood
pressure, and blood oxygen saturation (Khan et al., 2016). In recent years, soft implantable
MEA devices have become attractive to provide real-time monitoring of heart conditions, as
well as stimulation for therapeutic purposes. Figure 3A illustrates a variety of MEA systems
that have been presented for /7 vivo heart applications. As shown in Figure 3A(i-iii), many
of these MEAs are fabricated on 2D, flexible planar substrates (Fang et al., 2017), which
enable the attachment of the device against the curvatures of the organ. Photolithographic
processes are then utilized in order to deposit layers of electrodes, insulation, sensors, and/or
field-effect transistors (FETSs) onto these substrates. Figure 3A(iv) depicts a mesh-type MEA
which wraps around a heart for in vivo clinical therapy (Xu et al., 2014). This device
exhibits one of the earliest demonstrations of bioelectronics which enabled bulk metallic
electrodes to be assembled into fabric-like devices, providing relative stretchability and
organ conformability. Despite remarkable performance of these developments, the heart is a
complex organ with irregular surface morphologies and ultrasoft material properties (Ghista
etal., 1975; Le Ven et al., 2016). Drawbacks such as limited coverage of 2D MEA
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interfaces, as well as detection inaccuracy, instability, etc. hamper their utilization in future
healthcare applications (Hong et al., 2019).

In order to overcome such limitations, 3D MEA systems have been highly promising. For
instance, Lee et al. developed an ultra-flexible adhesive gel MEA with 3D strain resistant
structures for /n vivo monitoring of the heart (Lee et al., 2014). As shown in Figure 3B(i),
the MEA is composed of an active matrix of 12 x 12 organic transistors coupled with
adhesive gel electrodes composed of poly(vinyl alcohol) (PVVA) dispersed in a polyrotaxane
matrix. Under severe compressive strain (~ 100%), the 3D wrinkled structures of the MEA
are able to absorb the strain (see Figure. 3B(ii)), which provide stable electrical
measurements even under large deformations. The adhesive gel-coated MEA was able to
maintain conformal contact upon implantation against a rodent heart, as shown in Figure
3B(iii). Ultra-flexible, electromechanically stable properties of the MEA enabled real-time
detection of electrical signals from the ventricle surface, exhibiting all the P, Q, R, S, T and
U waves necessary to understand cardiac health (see Figure. 3B(iv)).

3D MEAs with more direct interfacing with the heart tissue surface have shown to enable
accurate detection of their subtle biosignals. Guvanasen et al. developed a stretchable MEA
with 3D microneedles that can to stimulate and measure the electrical activity of muscle
across multiple sites (see Figure 3C(i)) (Guvanasen et al., 2017). Fabricated through laser
micromachining and photochemically milling, the microneedles are in the form of 3D
arrowhead shapes which facilitate effective adherence of the electrode to the muscle tissue.
As shown in Figure 3C(ii), the microneedle electrode array was assembled with traces of
conductive PDMS (cPDMS) onto a PDMS substrate to provide stretchability up to ~ 63%
strain. As Figure 3C(iii) depicts, the MEA is designed to cover the entire posterior surface of
a feline’s lateral gastrocnemius muscle, to enable stimulation and measurement of that
muscle’s electromyographic (EMG) activity. During /n vivo applications, the device was
able to maintain stable connection with the moving muscle, and provide real-time detection
of EMG signals for varying frequencies of electrical stimulation and stretch/release
displacements, as shown in Figure 3C(iv).

Various soft cardiac devices, particularly in the form of meshes and sleeves, have become
attractive, because they enable MEASs to be deformable and conform with organ
morphology, while providing vital information about the electrophysiology of the heart
(Park et al., 2016; Roche et al., 2017). Choi et al. developed multifunctional bioelectronics
composed of Ag-Au MEAs that could wrap around the epicardial surface for 3D diagnostics
of a pig heart (see Fig. 3C(i)) (Choi et al., 2018). Shown in Fig. 3C(ii), the Ag-Au composite
nanowires are dispersed throughout the MEA, fabricated via galvanic-free deposition of Au
onto the Ag nanowires. Through such a process, Au cations selectively bind onto the Ag
surface, consequently lowering the reduction potential of Au. The cardiac mesh-type MEA
conformably wraps around the surface of the pig heart (see Figure 3C(iii)), and effectively
measures ECG waveforms throughout with continuous electrical stimulation. The
bioelectronic device demonstrates simultaneous cardiac monitoring and acts as a pacemaker,
demonstrating next-generation 3D MEAs with both diagnostic and therapeutic
functionalities.
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3.2 3D MEAs for in vivo brain applications

For many years, researchers have been intrigued in developing neuromodulatory techniques
which may effectively treat patients suffering from a broad range of neurodegenerative
diseases, including Parkinson’s disease, Alzheimer’s disease, and stroke (Acarén Ledesma
et al., 2019; Chen et al., 2017; Won et al., 2020). Capabilities for modulating such types of
neural functions, especially chemical and electrical signal propagation in neurons, axons,
and dendrites have exhibited potential solutions to address neurological health conditions
(Koo et al., 2018; Lee et al., 2019). To date, a plethora of /n vivo MEA technologies which
could monitor disordered neural activities have been produced. As shown in Figure 3A,
stretchable MEA membranes with 3D electrodes composed of Pt-coated Au-TiO, nanowires
(i) (Tybrandt et al., 2018), flexible probes for brain implantation (ii) (Luan et al., 2017), and
bioelectronics with neuron-like structural or mechanical features (Yang et al., 2019), have all
become promising tools for 3D mapping and electrophysiological studies of the neural
network.

MEAs on planar substrates, soft patches or membranes, may be laminated adaptably onto
the surface of the cerebral cortex, enabling measurement of electrocorticography (ECoG)
waveforms (Buzsaki et al., 2012). To demonstrate such capabilities, Ji et al. produced
flexible bioelectrodes with 3D wrinkled MEA structures for /in vivo brain signal recordings
and neuromodulation (Ji et al., 2019). The 3D wrinkled MEAs were fabricated via oil
extraction from an elastic substrate, followed by deposition of the Cr/Au electrode layer.
Then, poly (3,4ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) and platinum
black (Pt-black) are electroplated onto the wrinkled MEA sites. As shown in Figure 4C(i),
microscale wrinkles are populated on the surface of the MEAs, which enhance active
interfacial area for superior electrochemical properties relative to flat, 2D MEAs. The 3D
MEA was then applied to a rodent brain /77 vivoto exhibit simultaneous functions of optical
stimulation and ECoG measurements (see Figure 4C(ii)). Herein, the device was placed
specifically onto the surface of somatomotor and somatosensory cortex to compare changes
in ECoG signals with/without stimulation (see Figure 4C(iii)). Figure 4C(iv) depicts the
advantages of the 3D structures, as heightened cortexdevice interactions achieved clear
collection of low-noise ECoG signals as well as the lightsensitive spikes.

Moreover, MEAs deposited on neural probes may be implanted deep into the brain, which
could detect local field potential of single neurons and/or neuron clusters (Kozai et al., 2015;
Kringelbach et al., 2007). For example, Wei et al. presented implantable neural probes with
electrode arrays composed of 3D microarchitectures for high-density intracortical recording
(Wei et al., 2018). As shown in Figure 4B(i), the probes are ultra-flexible to conform with
deep brain tissue, and fabricated via photolithography of the flexible probe substrate and
electron beam deposition of metallic electrodes. Figure 4B(ii) displays a magnified view of
the device, which contains linear array of microelectrodes layered in 3D architectures for
improved detection and sorting fidelity of single-unit action potentials (see Figure 4B(iii).
Shown in Figure 4B(iv), the ultra-flexible 3D MEA probes were then implanted deep
beneath the brain surface, which provides real-time electrophysiological recordings and
neuronal circuitry mapping.
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4. Perspective and Future Directions

Despite the vast progress in 3D MEAS /n vitro or in vivo purposes, their capabilities to
effectively monitor the electrophysiology of 3D engineered tissue or anatomical complexity
of tissues and organs are still highly limited. The 3D MEAs covered throughout this paper
are mostly 2D+ or 2.5D based electrodes. This is because current MEASs are built upwards
starting from a flat substrate using photolithography (see Table 1). Moreover, most of the
findings throughout this review are based on planar sheets of cells, but /n vivo cellular
structures and microenvironments are much more complex than such /in vitro
representations. An emerging trend in tissue engineering is the development of tissue
organoids and spheroids, which can mimic the 3D, non-flat morphologies and structures of
organ-specific tissues (Cakir et al., 2019; Nugraha et al., 2018; Richards et al., 2020; Voges
etal., 2017). However, these 3D cellular and tissue models do not have consistent sizes,
shapes, or structures of cells for extended analysis of their biochemistry, genetics, and
electrophysiology. MEA systems and devices which can measure vital signals in these 3D
cell compositions also remain underdeveloped. An early demonstration of 3D electrical
mapping of cardiac spheroids was recently presented, but such organ-on-a-chip cannot
provide high-throughput assay to understand alterations of diseased cells and their responses
to drugs (Kalmykov et al., 2019). Hence, 3D MEAs capable of stable, accurate, and high-
throughput diagnosis of cardiac and/or neural cells for /n vitro studies are desperately
needed. Recently, one of the authors groups at the University of Central Florida has taken
steps to utilize 3D printing and 3D metal-based approaches which have the potential to be
truly 3D architectures for in vitro applications and in collaboration with the other authors at
Johns Hopkins University are currently characterizing these devices (Azim et al., 2019;
Didier et al., 2020; Kundu et al., 2020).

3D MEA systems for /n vivo applications are also hampered by poor interaction with the
applied biological tissues. This is because human organs, particularly the heart and brain, are
very soft, rough, irregularly shaped, and move constantly in rhythmic motions. These
properties could interfere with the device conformability to the bio-surface, and interfere
with signal propagation for stable, real-time monitoring of health conditions (Rogers et al.,
2020; Song et al., 2019). Conventional adhesives composed of cyanoacrylate chemicals have
been widely used for stable attachment to engaged tissues. Yet, cytotoxicity, surface
contamination, and brittleness upon hardening by contact with water make such adhesives
ineffective (Li et al., 2017). In order to enhance interfacing of the MEA device to the organ,
novel designs of biocompatible glues such as mussel-inspired catechol, proteins, and other
biomaterials have been highly favorable due to their robustness and surface adaptability (Lee
et al., 2007; Li and Mooney, 2016; Pagel and Beck-Sickinger, 2017). Their integration to the
electrode array matrices, composed of soft, elastic, biocompatible/biodegradable, and or
hybrid materials remains as the next step to further developments of /n vivo 3D MEAs (Han
et al., 2018; Yang and Suo, 2018; Yuk et al., 2019).

To develop such complex 3D MEA systems for both /n vitroand in vivo studies, there has
been increasing demand in finding novel fabrication methods, which involve top-down,
bottomup, or synergetic techniques which provide both tissue-compliant and
electromechanically stable properties. Advanced 3D printing of MEAS has become a
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promising tool to realize this technology, attributed to facile, effective production as well as
printing capabilities of a variety of materials (Chortos et al., 2020; Skylar-Scott et al., 2019;
Tetsuka and Shin, 2020). However, low resolution of inkjet printing in 3D MEAs, difficulty
in mass production, and challenges in layering different materials are major limitations that
need to be addressed in this field but offer promising opportunities for materials and device
designers. With rapid improvements in 3D printing techniques and apparatus, 3D printing of
MEASs may eventually be established as a fundamental platform for /n vitro and in vivo
applications (Kim et al., 2019; Lin et al., 2019; Valentine et al., 2017).

5. Conclusion

3D MEAs have become a versatile technology to understand human physiology at both the
cellular and the organ level. We have described recent advances in 3D MEA devices which
can be used /n vitroto understand the behaviors of cardiomyocytes or neurons, as well as
implanted /n vivo on the heart or the brain to diagnose their health conditions and provide
therapeutic benefits. A variety of designs, materials, and fabrication methods of electrodes
are introduced throughout this review, followed by how these parameters can be controlled
or utilized for intracellular/extracellular recordings for /in vitro analysis of cardiac or neural
cells. Moreover, recent development in /n vivo 3D MEASs was also demonstrated, which are
attached to the heart or brain for diagnosis or clinical therapy. With further advances in 3D
fabrication methods, materials, and structural design, 3D MEASs could open more
opportunities for high-throughput screening assays in drug development or disease
modeling, as well as real-time health monitoring for physiological complexity of tissues and
organs for personalized medicine and clinical therapy.
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Highlights

This manuscript reviews the state-of-the-art technologies of three-dimensional
microelectrode arrays for /in vitro analyses of cardiac and neural cell
electrophysiology

Structural, material properties and fabrication of 3D MEAs for /in vitro
applications are detailed.

Recent development in /n vivo 3D MEAs for the heart or brain diagnosis or
clinical therapy are discussed

Recent developments and demonstrations of 3D MEAs for /n vitro cardiac/
neural cell monitoring are reviewed.

Recent advances in 3D MEAs for /n vivo applications for signal detection and
stimulation are delineated.
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Figure 1. Recent advances in 3D microelectrode arrays interface configuration and fabrication.
(A) Representative forms of the 3D electrode/tissue interface. Top panel depict schematic

illustrations of the 3D electrodes, while bottom panels exhibit the real images of the 3D
electrodes. The 3D electrode/tissue interfaces include (i) mushroom-shaped (Reproduced
with permission from Nanotechnology (2017) 28, 095302. Copyright 2017 Nanotechnology)
(Weidlich et al., 2017), (ii) volcano-shaped (Reproduced with permission from Nano letter
(2019) 19, 6173. Copyright 2019 Nano letter) (Desbiolles et al., 2019), and (iii) flexible
standing substrate embedding electrodes. (Reproduced with permission from Lab Chip
(2020) 20, 901. Copyright 2020 Lab Chip) (Soscia et al., 2020). (iv) Needle type electrodes
with two distinct recording types, namely extracellular (left dotted square) and intracellular
(right dotted square). (Reproduced with permission from Nano Lett. (2017) 17, 2757-2764.
Copyright 2017 Nano Lett.) (Liu et al., 2017). (v) Freestanding, flexible substrate consisting
of a porous network and gold electrodes. (Reproduced with permission from Nature
Materials (2016) 15, 679. Copyright 2016 Nature Materials) (Feiner et al., 2016). (vi) SEM
image of a nanotopographic substrate (top) applied to a single well of MEA plate (bottom)
(Smith et al., 2020). (B) Photographic images of 3D printed MEA (left), which undergo ink
casting, pulsed electroplating, lamination, and laser micromachining to produce the final 3D
electrode design (right). Scale bar for left image corresponds to 10 mm. (Kundu et al., 2019).
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2. Cantilever
. detection

Figure 2. 3D MEAs for in vitro applications in cardiac and neuron tissue engineered constructs.
(A) (i) Schematic illustration of a soft, flexible cantilever substrate array which contains

multilayers of a base substrate, a strain gauge sensor, and a tissue-guiding layer. (ii)
Deflection of the cantilever substrate upon contraction of the anisotropic engineered cardiac
tissue, generating resistance change proportional to the contractile stress of the tissue.
(Reproduced with permission from Nature Materials (2017) 16, 303. Copyright 2017 Nature
Materials) (Lind et al., 2017). (B) (i) Optical microscopy (OM) image of nanocomposite
fibres of polycaprolactone-gelatin weaved and deposited onto an electronic mesh. Scale bar,
1.5 mm. Inset shows a single sensing/stimulating electrode covered with the nanofibre
scaffold. (ii) Schematic illustration outlining the maturation of cardiac cells within the
electrospun fibres that are deposited onto the electronic mesh. (iii) Photographic image of
the folded microECP after 7 days of cultivation with cardiac cells. (Reproduced with
permission from Nature Materials (2016) 15, 679. Copyright 2016 Nature Materials) (Feiner
etal., 2016). (C) (i) Cardiac spheroid encapsulated in a 3D rolling MEA, allowing electrical
mapping and signal propagation in 3D. (ii) Fluorescent staining image depicting the live/
dead assay of the cardiac spheroid encapsulated by the MEA. (Reproduced with permission
from Science Advances (2019) 5, eaax0729. Copyright 2019 Science Advances) (Kalmykov
etal., 2019). (D) A CMOS-activated PtB electrode array with cultured neurons.
(Reproduced with permission from Nature Biomedical Engineering (2020) 4, 232-24.
Copyright 2020 from Nature Biomedical Engineering) (Abbott et al., 2020).
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Figure 3. 3D MEA systems for in vivo cardiac applications.
(A) (i) Photograph of nanomembrane transistors for high-resolution electrophysiological

mapping. Scale bar, 2 mm. Inset shows magnified image of the nodes. Inset scale bar, 500
mm. (Reproduced with permission from Nature Biomedical Engineering (2017) 1, 0038.
Copyright 2017 Nature Biomedical Engineering) (Fang et al., 2017). (ii) Ultra-thin flexible
MEA system. Inset shows OM image of a single transistor structure. (Reproduced with
permission from Advanced Functional Materials (2018) 28, 1702284. Copyright 2018
Advanced Functional Materials.) (Song et al., 2018) (iii) Integrated patch-type MEA device
for in vivo heart diagnosis. (Reproduced with permission from Proc. Natl. Acad. Sci. (2014)
111, 1927-1932. Copyright 2014 Proc. Natl. Acad. Sci.) (Dagdeviren et al., 2014) (iv)
Photograph of Multifunctional mesh-type bioelectronics attached to a rabbit epicardial
surface. (Reproduced with permission from Nature Communications (2014) 5, 3329.
Copyright 2014 Nature Communications) (Xu et al., 2014). (B) (i) Photograph of the
adhesive gel MEAs with 3D strain-absorbing designs within an active matrix. Scale bar, 1
cm. (i) Photograph of the MEA under severe compressive strain (100%). Inset shows
structure of the MEAs during deformation for stress absorbance. Scale bar, 1 cm. (iii)
Photograph of the adhesive gel MEAs attached to a rodent heart for in vivo monitoring of
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electrocardiogram (ECG) signals. (iv) Representative measurement of ECG signals of rodent
heart /in vivo. (Reproduced with permission from Nature Communications (2014) 5, 5898.
Copyright 2014 Nature Communications) (Lee et al., 2014). (C) (i) Photograph of the MEA
with 3D arrowhead-shaped microneedles. Scale bar, 8 mm. (ii) Magnified photograph of the
MEA with microneedles, conductive PDMS (cPDMS), and PDMS substrate. Scale bar, 5
mm. (iii) Schematic illustration of electrical stimulation and measurement of EMG signals
with the microneedle MEA against feline’s lateral gastrocnemius muscle. (iv) Real-time in
vivo EMG measurements of the microneedle MEA with varying stimulation frequencies or
stretch/release displacements. (Reproduced with permission from IEEE Transactions on
Neural Systems and Rehabilitation Engineering (2017) 25, 1440-1452. Copyright 2017
IEEE Transactions on Neural Systems and Rehabilitation Engineering) (Guvanasen et al.,
2017). (D) (i) Photograph of the mesh-type MEA with Ag-Au nanocomposites. (ii) Scanning
electron microscopy (SEM) image of the Ag-Au nanocomposites wires. Scale bar, 2mm.
Inset shows backscattered electron (BSE) image of the Ag core and Au sheath of a single
wire. Inset scale bar, 100 nm. (iii) Representative photograph of the 3D MEA wrapping
around the pig heart. (iv) /n vivo ECG measurements of the mesh-type MEA applied to pig
heart during cardiac pacing. (Reproduced with permission from Nature Nanotechnology
(2019) 28, 095302. Copyright 2019 Nature Nanotechnology) (Choi et al., 2018)
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Figure 4. 3D MEAs for in vivo neuronal applications.
(A) (i) Photograph of a stretchable MEA device on a PDMS substrate with 3D electrodes

composed of Pt-coated Au-TiO2 nanowires. Scale bar, Imm. (Reproduced with permission
from Advanced Materials (2018) 30, 1706520. Copyright 2018 Advanced Materials)
(Tybrandt et al., 2018) (ii) Ultraflexible probes for electrical recording and imaging during
brain implantation. Inset shows OM image of the probes with microelectrodes. Inset scale
bar, 100 mm. (Reproduced with permission from Science Advances (2017) 3, e1601966.
Copyright 2017 Science Advances) (Luan et al., 2017) (iii) Schematic illustration of neuron-
like electronics for three-dimensional /n vivo mapping and electrophysiology studies.
(Reproduced with permission from Nature Materials (2019) 18, 510-517. Copyright 2019
Nature Materials) (Yang et al., 2019). (B) (i) Flexible MEAs with PEDOT:PSS 3D wrinkle
microstructures. Inset shows magnified OM images of the wrinkles. (Top right) Inset scale
bar, 100mm. (Bottom right) Inset scale bar, 10mm. (ii) Photograph of the MEA connected to
a rodent brain for in vivo optical stimulation. Inset shows attachment of the MEA to the
rodent brain. (iii) Schematic illustration of the electrode position (black line; dashed) with
four channels across the somatomotor and somatosensory cortices of the brain. (iv) ECoG
signals recorded by the 3D MEA before and after light stimulation. (Reproduced with
permission from Bionsensors and Bioelectronics (2019) 135, 181-191. Copyright 2019
Bionsensors and Bioelectronics) (Ji et al., 2019). (C) (i) Optical microscope (OM) image of
the nanostructured ultraflexible MEAs. (ii) Magnified image of the linear electrode arrays.
(iii) Close-up images of the microelectrode arrays. Scale bar, 10 mm. (Top right) SEM
image of the 3D electrode structure. Inset scale bar, 2 mm. (Bottom right) Schematic
illustration of the electrode nanostructure. (iv) Photographic image of the implanted MEA
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for intracortical recordings. (Reproduced with permission from Advanced Science (2018) 5,
1700625. Copyright 2018 Advanced Science) (Wei et al., 2018).
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Table 1.
Various Types of 3D MEAs for /n vitroand in vivo applications
Tyr'i/leé)’l;?D Fabrication Method Materials Geometry / Layout / Features Ref
. 2 pm-wide in diameter
Multilayered of nanoring
. Photolithography TR A . 10- to 20-nm-thick Au | (Desbiol
. lon beam etching coated glass nanoring Ie; (flt ;)l.,
Substrate . Multilayered wall of
the nanovolcano
. Free standing/ flexible/
mesh
Cardiac _ _ . 32 tzelectrodes (50 x 50 _
. Photolithography TiN, Au, SU-8 Hum?) (Feiner et
. Recording/stimulating al. 2016)
with same electrodes
. Folded device
. Cantilever geometry
. 3D printing Carbon black, . Stretching a soft strain (Lind et
TPU gauge embedded inthe | al., 2017)
cantilever
. 20 nm Ti/ 250 nm Au /
20 nm Ti in thickness
n . 50 pm diameter
vitro individual electrodes
. Photolithography/ : ; . Flexible polyimide
grapiy Ti I/ AU.GT' on probes of length 1100 (Soscia et
. Wet / dry etching polyimice pm and width 90 pm al., 2020)
contain eight 50 pm
diameter individual
electrodes
. Probe would bend
during actuation
. 30/200/50/200 nm
Neural . (adhesion/conduction/
. Photolithography/ diffusionbarrier/
. E-beam Ti/Ni/ Ti/Ni silicidation) (Liu et
lithography . Nanowire geometries al., 2017)
. Independent electrical
addressability
. Photolithography . 20 nm Ti, 200 nm Pt
. Wet / dry etching . PtB deposition on the
PIB. Ti. Pt Pt electrodes (Abbott
. E-beam STLFL . etal.,
lithography . 4,096 platinum-black 2020)
nanowire electrodes
. Electrodeposition array
. 12 x 12 transistors
In Heart . Photopatteming i\@-ecloated | hick (Lee et
vivo electrodes on . ﬁ]omymert ickness: 1.4 al., 2014)
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TyRﬁgA:sD Fabrication Method Materials Geometry / Layout / Features Ref
. 3D wrinkles for strain
polyrotaxane absorption (> 100 %)
matrix . Adhesive to biological
surfaces
. Barb width: 790 - 1170
mm
. Shaft width: 230 — 480
Au mm
. Micromachining/ microneedles
. Height: ~ 1.5 mm (Guvtanla
. Photoetching Thin PDMS sen etal,,
membrane . Microneedles with 3D 2017)
arrowhead shapes
. Stretchability up to ~
63% strain
. Nanowire diameter:
140 nm Nanowire
Ag-Au core— i
thickness: 35 nm
. Galvanic-free sheath
epitaxial : . Highly stretchable (> (Choi et
deposition ggnmo[\)/glsriie 800 % strain) al., 2018)
mesh . Electrically stable to
strains (> 100%)
. Electrode count: 32
. Electrode size: ~ 3000
. Photolithography Pt-coated Au- mm2 (Tybran
TiO2
. Electroplating nanowires . Highly soft and dtetal.
stretchable to enable 2018)
craniotomies smaller
than the probe's size
. Wrinkle wavelength
. Vapor deposition CriAu ) L2357 mm
i glégg’?-%ss ot . Enhanced interfacial Uietal.,
. Electroplating “black wrinkles surface area 2019)
. Stable ECoG recording
and optical stimulation
Brain . 30 mm x 30 mm/
SuU-8 . 10 mm x 20 mm
_ insulation . Ultraflexibility to
. Photolithography conform with{)rain (Luan et
PY/Au tissue al., 2017)
electrodes
. Stable performances in
mice for extended time
. Au electrode: 100 nm
. Total thickness: ~ 1
£l b Au electrodes mm
. ectron-beam -
lithography SU-8 . Careful handling for (Wei et
insulation stable chronical al., 2018)
recording and
nondegrading tissue—
probe interface
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TyRngD Fabrication Method Materials Geometry / Layout / Features Ref
. Width: 2 mm
. El Di :
Pt electrode loefgtorc:gﬁ] tameter
Au . ; .
. Photolithography interconnect rLTJ]r:Y:t cell: 333 x 125 (Yang et
al., 2019)
Top/bottom . Match the subcellular
SU-8 layers feature sizes and

mechanical properties
of neurons
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