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Abstract 

 

Microelectrode arrays (MEAs) are widely used tools to investigate in vitro 

neuronal networks and acute brain slices. Planar or 2D MEAs have been the 

conventional standard for decades, enabling the extracellular recording and 

stimulation of cultured neuronal cells and tissue slices. However, the effectiveness of 

planar MEAs diminishes when stimulating or recording from 3D in vitro neuronal 

cultures or brain slices owing to rapid data attenuation in the z-direction. Existing 3D 

in vitro neuronal models only permit recording electrophysiological activity from the 

bottom layer directly connected to planar MEAs. Consequently, to advance and 

optimize 3D neuronal network systems and comprehensively study the dynamics of 

neuronal networks across different layers of 3D structures, the development of new 

three-dimensional microelectrode arrays (3D MEAs) is necessary. Over the last three 

decades, numerous approaches for developing 3D MEAs have been reported; 

however, most reported technologies can develop quasi-3D MEAs, that is, 3D MEAs 

with uniform electrode heights. To fully exploit the potential of 3D neuronal constructs, 

advanced technological platforms capable of developing versatile 3D MEAs consisting 

of variable-height electrodes, customizing the array topography on demand, and 

compatibility with existing readout platforms are required. 

This thesis introduces a novel technological platform for fabricating diverse 3D 

MEA architectures using established micromachining techniques such as lithography 

and templated-assisted electrodeposition. The key to this platform is an innovative 

approach that enables selective electrodeposition of 3D electrodes within an array. 

This technological platform utilizes an advanced method to enhance the deposition 

rate and uniformity of electrodeposited microstructures, which is crucial for precise 

control over the electrode height in 3D MEAs. Using template-assisted 

electrodeposition, this platform facilitated the transformation of planar MEAs into 3D 

configurations with varying electrode heights. Notably, the platform enables the 

development of 3D MEAs with up to four different electrode heights using a single 

layout definition mask, ensuring cost-effectiveness and scalability. This precise control 
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over electrode height unlocks the potential for tailoring 3D MEAs to specific research 

needs.  

A unique multi-height 3D MEA was created to demonstrate the versatility of the 

proposed platform. This MEA features uniformly distributed electrodes of four distinct 

heights across the array, enabling the probing of 3D neuronal constructs from the 

surface to multiple depths. This unique design approach has the potential to provide 

insights into cellular activities. The performance of the multi-height 3D MEA was 

validated through rigorous testing involving the recording of electrophysiological 

activities from a neurospheroid and comparison with a commercially available 3D MEA 

with similar electrode layouts. This comparative analysis demonstrates the proposed 

platform's superiority and adaptability. 

This thesis is divided into seven chapters. Chapter 1 lays the groundwork by 

explaining the significance of electrophysiological investigations in understanding 

brain function and highlighting the limitations of traditional electrophysiological 

techniques designed for 2D cultures or tissue slices. This chapter sets the stage for 

the core focus of this thesis, that is, the development of advanced 3D MEAs consisting 

of electrodes with variable heights. It outlines the morphological and functional 

advantages offered by 3D neuronal constructs and introduces the escalating demand 

for innovative MEAs capable of navigating the complexities of these environments. 

Furthermore, this chapter discusses state-of-the-art approaches for developing 3D 

MEAs and identifies the limitations of existing technologies.  

Chapter 2 presents a comprehensive overview of the current knowledge 

landscape in the field of MEA technology in the context of both traditional 2D MEA 

technology and recent advancements in 3D MEA technology. This chapter delves into 

the intricacies of each aspect, including design considerations, fabrication techniques, 

electrode materials, integration and interface electronics, cell-loading methods, 

recording electrophysiological activities, applications, challenges, and future directions 

associated with each of these areas. The thorough review presented in this chapter 

serves as the theoretical foundation for subsequent empirical investigation.  

Chapter 3 provides an in-depth analysis of the design philosophy and inception 

of the MEA fabrication platform, shedding light on the motivations, design objectives, 

and methodology employed in developing this innovative technology. This chapter is 
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a crucial building block for subsequent discussions on the fabrication processes and 

outcomes. 

Chapter 4 introduces the conceptualized platform by developing multilevel 3D 

MEAs using a conceptualized platform consisting of electrodes with three distinct 

heights. This chapter describes the device layout at the wafer scale and individual 

MEA levels. This chapter details the layout and functioning of custom circuitry to 

enable the selective electrodeposition of 3D electrodes. Finally, this chapter highlights 

the platform's advantages, shortcomings, and potential solutions. 

Chapter 5 explores the cutting-edge application of ultrasonic vibrations in 

template-assisted electrodeposition to enhance the fabrication of three-dimensional 

(3D) microelectrode arrays (MEAs). Building on the insights from Chapter 4, which 

highlighted the development of multilevel 3D MEAs using the proposed platform, this 

study aimed to overcome the limitations of conventional electrodeposition methods. 

By incorporating ultrasonic vibrations into the electrodeposition process, this chapter 

seeks to increase the deposition rate and improve the uniformity of microstructures, 

such as micropillars, within MEAs. 

Chapter 6 details the development of a multi-height 3D MEA comprising four 

electrode heights. This was achieved using optimized layouts and an enhanced 

electrodeposition process incorporating ultrasonic vibrations. This marks the 

culmination of extensive research. This chapter presents the empirical results of 

electrophysiological recordings, including their interpretation and comparison with 

existing state-of-the-art commercial 3D MEA.  

Finally, Chapter 7 offers a reflective synthesis. It summarizes the research 

findings, accentuates their significance, and underscores their contributions to the 

field. Importantly, this chapter sets the stage for future inquiries, identifying unresolved 

questions and proposing avenues for further research and technological 

advancements. 

This thesis embarks on a multifaceted exploration of seamlessly weaving 

theoretical frameworks, experimental methodologies, and empirical findings. Through 

a meticulously structured journey, it endeavors to contribute to the advancement of 3D 

MEA technology, bridging the gap between traditional electrophysiological tools and 

the intricacies of 3D neuronal cultures by focusing on the development and application 
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of advanced 3D MEAs for electrophysiological recordings in 3D neuronal cultures. It 

delves into the principles of 3D MEA technology, discusses the challenges and 

solutions to its implementation, and highlights its significance in advancing 

neuroscientific research. 
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Chapter I: Introduction 

I.1 Significance of electrophysiological investigations  

Understanding the complex functioning of the brain is paramount for unraveling 

the mysteries of neurobiology and addressing neurological disorders [1]. The core of 

this endeavor lies in the fundamental unit of the nervous system: the neuron. Neurons 

are crucial for transmitting electrical signals and enabling communication within the 

brain and throughout the body. These specialized cells comprise three primary 

components: the cell body (soma), dendrites, and axon (refer to Figure I-1a). Neuronal 

communication begins when the dendrites receive signals from other neurons. These 

signals are aggregated within the cell body. If the integrated signal reaches a certain 

threshold, it triggers the generation of an action potential (refer to Figure I-1b). This 

action potential, a rapid change in the neuron's membrane potential, travels along the 

axon, a long projection extending from the cell body. The opening and closing of ion 

channels facilitate the propagation of the action potential along the axon membrane, 

leading to depolarization and repolarization. This process, known as neuronal firing, 

allows electrical signals to travel long distances within the nervous system. Upon 

reaching the axon terminals, the action potential triggers the dispense of 

neurotransmitters into the synaptic cleft, the gap between the axon terminal of one 

neuron and the dendrites of another. The neurotransmitters then bind to receptors on 

the postsynaptic neuron, initiating electrical signals in the next neuron and 

perpetuating neuronal communication [2]. The transmission of electrical signals 

through neurons is a fundamental mechanism underlying various physiological 

processes, including sensory perception, motor control, and cognitive function. 

Studying these signals provides invaluable insights into neural circuitry, synaptic 

plasticity, and disease mechanisms, thereby driving advancements in neurology and 

biomedical research [3,4].  

In vitro investigations using tissue slices and neuronal cultures play a pivotal 

role in unraveling the intricacies of brain electrophysiology. These experimental 

platforms offer controlled environments where researchers can meticulously 

manipulate variables to examine the fundamental mechanisms underlying neuronal 

function. Tissue slices, typically obtained from specific brain regions, allow the study 

of intact neural circuits while maintaining physiological architecture and synaptic 

connections. By employing sophisticated electrophysiological techniques, such as 

patch-clamp recording [5] and microelectrode arrays [6], researchers can probe the 

electrical activity of individual neurons and networks within these slices, deciphering 

the dynamics of synaptic transmission, neuronal excitability, and network 

synchronization. Moreover, neuronal cultures derived from primary neuronal cultures 

or stem cell-derived neurons offer a simplified yet highly reproducible system for 

investigating the cellular and molecular mechanisms underlying neuronal excitability 

and synaptic plasticity. These cultures enable researchers to manipulate cellular 
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composition, growth conditions, and pharmacological interventions, thereby facilitating 

exploring diverse aspects of brain electrophysiology under controlled experimental 

conditions.  

 

   
Figure I - 1. Morphology of neurons and the action potential. (a) Sketch of a neuron with 
annotated morphology. The tree-like dendritic structure receives inputs from other neurons, which 
are then integrated into the soma. An action potential is generated at the soma. It travels through 
the axon to synaptic terminals, triggering synaptic transmission to other receiving neurons. (b) 
Sketch of the temporal course of action potential. If sufficient input arrives, the spike-generating 
mechanism is activated. The resulting action potential follows a stereotypical form, beginning with 
strong depolarization followed by hyperpolarization. During the latter, the spike generation is 
prohibited; hence, it is called the refractory period.[7] 
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 The complexity of the brain arises from its three-dimensional (3D) structure, 

which encompasses intricate cellular arrangements, cell-cell interactions, and 

connectivity patterns. To bridge the gap between traditional two-dimensional (2D) 

neuronal cultures and the native brain environment, researchers have focused on 3D 

neuronal cultures. These 3D constructs aim to capture the physiological and 

morphological properties of the neurons observed in vivo. 3D neuronal cultures can 

be generated using various techniques, including cell aggregation methods, scaffold-

based approaches, and bioprinting technologies [6]. Three-dimensional (3D) neuronal 

cultures offer several advantages over 2D cultures. First, neurons in 3D environments 

exhibit enhanced morphological complexity, including axonal outgrowth and synaptic 

connections, resembling the in vivo neuronal architecture [8]. Second, 3D cultures 

provide a microenvironment that better mimics the extracellular matrix and cellular 

interactions in the brain, resulting in improved cell viability, differentiation, and 

functionality [6]. Finally, 3D neuronal cultures can support the formation of organized 

neural networks, enabling the study of complex network dynamics, neural circuitry, 

and synaptic plasticity [9].  

These 3D models preserve the spatial arrangement of neurons and better mimic 

the cellular and extracellular environment of the brain. Consequently, they offer more 

accurate representations of in vivo neurobiology and are particularly beneficial for 

studying complex brain functions, disease modeling, and drug testing [10]. However, 

the transition from 2D to 3D neuronal cultures presents new challenges for 

electrophysiological investigations, as the traditional tools designed for 2D cultures are 

not equipped to probe electrical activity effectively within 3D neurostructures. 

I.2 Investigating electrophysiological activities through 

MEAs  

To capture and analyze neuronal activity, researchers rely on 

electrophysiological techniques with electrodes serving as essential tools for signal 

detection. Traditional electrophysiological techniques, such as patch-clamp recording 

[5], have contributed immensely to our understanding of individual neuronal functions. 

These methods allow measurement of the electrical activity of a single neuron or a 

small group of neurons. However, they fail to capture the complex dynamics of large 

neuronal networks, which comprise many interconnected neurons that interact in a 

highly coordinated manner.  
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Figure I - 2. In vitro Electrophysiological characterization of neuron cultures on MEAs. (a) 
Schematic representations of an experimental platform for investigating electrophysiological 
activity using a planar microelectrode array.[11] (b) Photograph of a 60-electrode MEA device. 
(c) Phase-contrast image of cortical neurons in culture on the MEA. The distance between 
electrodes is 200 µm. Each black dot corresponds to one of the recording electrodes. (d) Three 
channels recorded sample traces of spontaneous electrical activity. Electrical events, spikes, and 
bursts that crossed a threshold (horizontal black line) were recorded. (e) Spontaneous activity of 
cortical neurons was analyzed according to electrophysiological features of spikes, bursts, 
synchrony, and connectivity.[12] 

The development of conventional microelectrode arrays (MEAs), also known as 

planar or 2D MEAs, has significantly addressed this limitation. Planar MEAs represent 

a foundational technology in neuroscience research, facilitating the simultaneous 

recording of electrical activity from multiple neurons or other electrically excitable cells 

and providing a more comprehensive view of network dynamics [6]. These arrays 

consist of flat substrates typically made of materials such as glass or silicon, onto 

which an array of microscale electrodes is patterned. Electrodes are typically made of 

conductive metals such as gold, platinum, or iridium oxide. Planar MEAs are 

configured with a regular grid layout, where each electrode serves as a recording or 

stimulation site (refer to Figure I-2a). The electrodes are insulated from each other, 

except for their exposed tips, which come in contact with the cells or tissues being 

studied. When cells are cultured on the surface of an array, they form direct electrical 

connections with the electrodes, allowing the array to detect extracellular voltage 

changes that result from neuronal activity. These changes in voltage, known as action 

potentials or spikes, are detected as electrical signals by electrodes and can be 

amplified and recorded using the associated instrumentation (refer to Figure I-2b-e). 
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Planar MEAs offer several advantages, including the ability to monitor the 

electrophysiological activity of large populations of cells simultaneously, high spatial 

resolution, and compatibility with standard laboratory equipment. They have been 

widely used in various applications, including basic neuroscience research, drug 

discovery, and neurotoxicity testing.  

 

   
Figure I - 3. Construction of 3D neural networks. (a). Left to right: PDMS structure allowing to 
confine microbeads and neurons on the recording site area; molder used to build the confinement 
structure; cartoon that illustrates the final configuration (multi-layers of microbeads and neurons 
confined by a PDMS structure onto the active area of the Micro-Electrode Array). (b). Main steps 
for building a 3D neural network. Microbeads were placed onto a porous Transwell® membrane, 
self-assembled in a hexagonal geometrical structure; dissociated hippocampal cells were plated 
on such coated microbeads. To obtain a 3D structure, the suspension of neurons and microbeads 
was moved from the membrane to the MEA surface several times. The last sketch depicts the 
recording/stimulation configuration: the electrophysiological activity of the 3D network is recorded 
from the substrate MEA electrodes (bottom layer); the network is stimulated by using both MEA 
and tungsten electrodes (bottom and top layers).[13] 

Employing dissociated neuronal cultures in conjunction with MEAs has become 

a widely accepted experimental model in vitro for studying fundamental aspects of 

brain function, examining computational characteristics, and understanding 

electrophysiological responses to electrical or chemical stimuli [14]. Numerous efforts 

have been undertaken to engineer neuronal networks that closely resemble the 

microstructured circuits found in the topological organization of the in vivo brain [15]. 

However, in 2008, a significant constraint of in vitro experimental models based on 

dissociated cultures was addressed: the inherent three-dimensional (3D) nature of the 

brain, which a reduced two-dimensional (2D) configuration cannot adequately 

replicate, hinders the manifestation of most morphological and electrophysiological 

characteristics observed in vivo [16]. Pautot et al. introduced a protocol in 2008 that 

facilitated the 3D growth of dissociated hippocampal neurons using a self-assembled 

scaffold composed of glass microbeads [17]. Subsequently, Frega et al., incorporating 

this protocol with microelectrode arrays (MEAs), observed distinct patterns of 
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electrophysiological activity compared with those observed in 2D cultures, 

characterized by differences in both spiking and bursting features [13,18]. These 

pioneering studies laid the foundation for 3D cultures to emulate in vivo brain 

properties better. Several subsequent studies have focused on enhancing cell density 

to approximate in vivo conditions and improve scaffold mechanical properties, such as 

porosity and stiffness, to mimic the extracellular matrix more accurately [19]. Materials 

such as 3D electrospun polymers and hydrogels have been explored as potential 

solutions to achieve these objectives. Hydrogels have emerged as promising 

candidates due to their low cytotoxicity and gas and nutrient exchange facilitation. 

Natural soft materials, such as collagen, have also been utilized as scaffolds to 

develop 3D neuronal assemblies. 

In 2015, a model of 3D brain-like tissue was established using silk-collagen 

proteins, in which neurons plated within a porous silk sponge developed extensive 

projections within a collagen-rich central region, forming dense 3D neuronal networks 

[20]. However, a significant limitation of many hydrogel-based materials is their rapid 

mechanical degradation. To address this issue, in 2015, Bosi et al. engineered a 

synthetic biocompatible PDMS scaffold with tunable micro-and nanomechanical 

properties [21]. Nonetheless, this type of structure impedes recording 

electrophysiological activity, as most electrodes are covered by PDMS, rendering the 

use of planar MEAs ineffective. Moreover, coupling 3D neuronal networks with MEAs 

presents additional challenges. Existing studies suffer from the intrinsic technological 

limitations of planar devices, where only a small subset of neurons located in the 

bottom layer and directly connected to the active area of the MEA can be recorded 

[22–24]. Recently, efforts have been directed toward developing 3D devices capable 

of mapping the electrophysiological activity of 3D networks within spatial dimensions. 

In 2020, Soscia et al. devised an in vitro platform to simultaneously measure the 

electrophysiological activity in three independent 3D cultures [25]. 

Similarly, in 2021, Shin et al. designed a device capable of recording the 

electrophysiological activity of in vitro 3D assemblies up to a height of 300 μm, thereby 

providing initial insights into the functional connectivity of 3D neuronal assemblies [26]. 

However, despite the potential of these technological advancements to overcome 

experimental limitations, the topological properties of 3D networks, including 

clusterization, degree distribution, emergence of small-world properties and modular 

communities, and presence of highly connected neurons (hubs), remain unexplored. 

Thus, an effective understanding of 3D topology is still lacking [27]. 

I.3 Progress in 3D MEA technology 

Over the past few decades, a rich research landscape has emerged to address 

the limitations of planar MEA technology in the pursuit of introducing and refining three-

dimensional Microelectrode Arrays (3D MEAs). The pioneering work by Thiebaud et 

al. in 1997 marked a seminal moment in presenting a 3D MEA featuring partially 
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passivated silicon nitride microelectrodes [28]. The exposed Pt tips, though limited to 

the top 15 µm, showed early potential by successfully recording responses to 

picrotoxin from rat hippocampal slices. This early work laid the foundation for 

subsequent explorations in the field. 

Advancing this trajectory, Heuschkel et al. (2002) developed a 3D-MEA with tip-

shaped protruding microelectrodes, providing a comparative analysis that 

underscored the advantages of three-dimensional configurations over their planar 

counterparts [29]. This work was pivotal in establishing a superior signal magnitude 

achievable with 3D microelectrodes and setting a benchmark for future designs. Nam 

et al. 2006 demonstrated the applicability of 3D tip MEAs in interfacing with dissociated 

neuronal cultures [30]. Notably, the recording quality was comparable to that of 

conventional 2D flat electrodes but with a reduced noise profile [30]. This 

advancement underscores the potential of 3D MEAs to mitigate some of the limitations 

associated with 2D systems.  

 

   
Figure I - 4. Development of metal-transfer-micromolded 3D MEAs consisting of individually 
addressed 2D and 3D electrodes. (a) Pyramidal pits are exposed on a 700µm thick SU-8 layer 
using inclined lithography. (b) A second layer of SU-8 (100µm thick) is coated on the mold without 
developing the first layer, and a mask with metal interconnection patterns is aligned and exposed. 
(c) After post-exposure baking, both layers are developed simultaneously to obtain a two-layer 
SU-8 rigid mold. (d) The rigid mold is duplicated twice to create a flexible PDMS mold with 
identical patterns. (e) Electrodes are defined by evaporating a layer of Au/Cr (500nm/10nm) onto 
the PDMS mold. (f) The metal transfer is achieved by contacting a high surface energy plate with 
the metalized PDMS mold, patterning the metal. (g) The target polymer is cast onto the patterned 
PDMS mold, and various polymers such as SU-8, PMMA, PU, and PDMS can be used. (h) The 
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device is demolded from the flexible mold, resulting in a patterned 3-D MEA device with 50 
individually addressed 2-D and 3-D electrodes.[31] 

Rajaraman et al. (2007) proposed an innovative based on metal-transfer micro-

molding technology for producing nonplanar metalized patterned 

microelectromechanical-systems devices such as MEAs on polymeric substrates. This 

work marked a significant step in enhancing in vitro interfacing with neuronal cells and 

tissue slices, offering a dynamic environment for network growth [31]. However, 

challenges related to the complexity of the fabrication techniques persist. 

Musick et al. (2009) introduced an alternative approach by stacking individually 

patterned thin films, creating an electrically and fluidically active 3D-MEA [32]. This 

innovative concept adds versatility to 3D-MEAs, enabling the simultaneous recording 

and stimulation of neurons. However, challenges remain, particularly in terms of the 

intricate fabrication processes.  

 

   
Figure I - 5. Development of high-density arrays of 3D-shaped electrodes. (A) 3D-tip electrodes 
were fabricated using alternations of isotropic and anisotropic etching approaches. Different 
shapes were achieved using different etching and mask parameters. (B) Example of a dense 
1024-electrode array with 80-μm-high electrodes spaced every 50 μm (in this case, the electrode 
leads were passing under the micro-needles). (C) The final PCB-mounted transparent electrode 
array with 256 3D Pt-plated silicon electrodes was reported on a glass substrate. Scale bars: 
10 μm in all panels of A, 1 mm in the top panel of B, 100 μm in the bottom panel of B, 300 μm in 
the right panel of C.[33] 

Charvet et al. (2010) substantially contributed by developing a modular 256-

channel MEA with integrated electronics [33]. Using isotropic and non-isotropic step 

etching techniques allows for high electrode aspect ratios and different tip electrode 

shapes, enhancing the adaptability of 3D MEAs for various applications. Dimaki's work 

in 2010, focusing on the development of 3D micro- and nanoelectrodes, is noteworthy 

for its potential implications in extracellular and intracellular studies [34]. The 
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advantage here lies in the applicability of these electrodes to diverse scenarios, 

ranging from brain slice recordings to highly localized measurements, suggesting a 

broader utility of 3D microelectrode arrays in various experimental setups, 

demonstrating their adaptability to different neural preparations. Goncalves et al. 

(2015) reported electrodes with different penetration lengths, introducing diversity in 

the design [35]. This work showed the potential for tailoring 3D-MEAs based on 

specific experimental needs, providing flexibility in electrode design. However, 

questions regarding the scalability and practical implementation of such designs 

persist.  

 

   
Figure I - 6. Development of 3D MEAs consisting of individually addressed 2-D and 3-D 
electrodes. (a) Cross-section of the 3D MEA, three miniaturized ceramic circuit boards, 
assembled perpendicularly through slots of the ceramic base plate. (b) Image of 3D MEA 
assembly.[36] 

Bartsch et al. (2018) brought a distinctive perspective by utilizing a low-

temperature cofired ceramic (LTCC) board as the base plate for 3D microelectrodes 

[36]. This unconventional approach provides an alternative platform for integrating 3D 

components into standard 2D MEAs. Nonetheless, the challenges in optimizing the 

coordination between 2D and 3D elements remain.  
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Figure I - 7. Fabrication of vertically stacked beads based 3D MEAs. (a) Process outline (steps 
1-7) for fabricating the stacked beads. 1. Capillary tool with Au-wire; 2. Bead formation by high 
voltage electric charge; 3. Bead bonding on the top of the microelectrode; 4. Capillary tool pulled 
up; 5. Wire cutting and first bead formation; 6. The procedure is iterated for the formation of 
stacked beads; 7. The procedure is finalized after the passivation of the staked beads with the 
Parylene layer and the bonding of the last bead with no passivation. (b) SEM image of vertically 
stacked beads representing variable height 3D electrodes.[37] 

In 2019, Lorenzelli et al. employed a unique ball-bonding technique by stacking 

gold beads to introduce variable-height 3D electrodes on a standard planar MEA chip 

[37]. This approach allows for controlled height and uniform distribution of multi-level 

microelectrodes, offering a nuanced approach to 3D design. This method's potential 

application and scalability to larger arrays and diverse experimental conditions are 

open questions.  

 

   
Figure I - 7. Design and development of a flexible 3D MEA. (a) A completed device. The overall 
length, width, and pad locations are identical to a commercial multichannel systems brand device, 
allowing for seamless integration into existing electrophysiology electronics. (b) Close-up image 
of a single cell culture well. The prominent dark metal features at the top and bottom of each cell 
culture well are ground electrodes, which are all electrically shorted to each other. (c) Light 
micrograph of a single 3DMEA post-actuation. The hinge regions are plastically deformed, 
allowing the probes to stand upright without additional support. (d) Brightfield image of one MEA 
array containing ten probes and 80 electrodes prior to actuation. From left to right, columns 
containing 2, 3, 2, and 3 probes can be seen, respectively. (e) Detail of one probe containing 
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eight electrodes, all electroplated with platinum black. The hinge region to the left is plastically 
deformed during the actuation process. (f) Cross-sectional cartoon showing a material stack of 
the microfabricated probe and the relative location of the hinge (not to scale).[25] 

Soscia et al. (2020) reported a thin film-based, non-invasive, flexible 3D MEA 

[25]. This novel design features polyamide probes, each containing an array of eight 

electrode pads. Mechanical actuation to lift arrays vertically introduces a dynamic 

element into 3D MEAs. The advantages of this approach include non-invasiveness, 

flexibility, and the ability to record and stimulate neurons at multiple heights in in vitro 

neuronal cultures. However, challenges may arise regarding the scalability and 

complexity of the mechanical actuation system. Spanu et al. (2020) introduced a 

straightforward method for fabricating pillar-shaped 3D electrodes exceeding 100 µm 

in height, suitable for various metal MEAs, whether custom-made or commercially 

available [38]. The fabrication involved standard photolithography on thick resists 

combined with gold electroplating, resulting in pillar-shaped structures originating from 

planar MEA devices. Notably, the electrodes feature flat tips, making them well-suited 

for delicate tissue interactions. However, this approach is limited to developing 3D 

MEAs with uniform electrode heights. 

Shin's contributions in 2021 take the advancements further by integrating optical 

stimulation and drug delivery functionalities into 3D high-density microelectrode arrays 

[26]. This integrated approach introduces new dimensions for investigating the neural 

circuit dynamics within engineered 3D neural tissues. The significance of this 

development lies in its ability to monitor and actively modulate neural activity within a 

3D neuronal construct, providing a more comprehensive understanding of complex 

neural networks. 

Saleh and colleagues in 2022 presented a novel approach utilizing 3D 

nanoparticle printing to address existing limitations in electrode design for in vivo 

recordings [39]. This innovative methodology marks a significant advancement, 

facilitating the first successful in vivo recording from electrodes engineered to leverage 

the flexibility inherent in the 3D printing process. The resulting 3D multi-electrode 

devices offer several key features, including high electrode densities (2600 

channels/cm2 footprint), minimal tissue damage upon insertion, and exceptional 

signal-to-noise ratios. Notably, the fabrication process allows for flexible 

reconfiguration, accommodating variations in individual shank lengths and layouts 

while maintaining low overall channel impedances. This flexibility is facilitated by the 

development of custom 3D-printed multilayer circuit boards, representing a notable 

fabrication advancement with broad potential applications in both in vivo and in vitro 

electrophysiological investigations. 

Mapelli et al. (2022) introduced a novel fabrication technique capable of 

producing a chip featuring thousands of microneedles (μneedles) with heights ranging 

from 60 to 90 μm and widths from 14 to 26 μm, spaced at a pitch of 60 μm [40]. Each 

needle was accompanied by a larger pedestal at its base, forming a dense matrix of 



16 

microchannels beneath the tissue penetrated by the needles, thereby preventing direct 

contact with the base of the chip. Remarkably, this fabrication process is entirely 

CMOS compatible, enabling the development of the first high-density Microelectrode 

Arrays (MEAs). The outcome was a monolithic CMOS high-density MEA incorporating 

a 64 × 64 μneedle electrode grid with an integrated microfluidic system, ensuring 

efficient diffusion of oxygen, nutrients, and chemicals to the lower tissue layers. This 

technology combines penetration capability, high-resolution recording, and enhanced 

tissue viability in a single device. The system's efficacy was validated by recording 

spontaneous, chemically modulated, and electrically evoked activity in cerebellar and 

cortico-hippocampal brain slices.  

 

   
Figure I - 8. Scanning Microscopy Imaging (SEM) showing, (a) overview of the 3D high-density 
CMOS MEA, (b) a close-up view of the microelectrodes.[40] 

Although the CMOS 3D MEA presented in this study [40] offers several 

advantages over other state-of-the-art 3D MEAs, it is still constrained by a limitation 

concerning the probing of the 3D neuronal construct in a single plane along the z-
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direction. This limitation arises from the uniform height of 3D electrodes, which restricts 

their ability to access neuronal activity across multiple depth levels within the tissue. 

As a result, despite the enhanced capabilities of the CMOS 3D MEA, its efficacy in 

capturing the full complexity of neural networks within three-dimensional structures 

may be somewhat restricted. Addressing this limitation could potentially involve the 

development of electrodes with variable heights or other innovative approaches to 

enable multi-level probing within the 3D neuronal construct. Such advancements 

would enhance the utility and applicability of CMOS 3D MEA for a broader range of 

neuroscientific investigations requiring comprehensive spatial sampling capabilities. 

I.4 Challenges and opportunities in 3D MEA research 

Despite notable strides in 3D microelectrode array research, critical research 

gaps and limitations have emerged, which demand urgent attention and innovation. 

Saleh's examination (CMU, 2022) highlights the existing electrode issues, exposing 

coverage, fragility, and cost shortcomings [39]. These limitations underscore the 

pressing gaps in electrode design, calling for advancements that extend coverage, 

enhance durability, and reduce expenses. 

Dong's recent findings in 2022 underscore a significant challenge: the 

weakness of electrical signals from cells, posing a hindrance to the precise 

measurement of electrophysiological properties[41]. This research gap emphasizes 

the urgent need to refine the sensitivity and accuracy of microelectrodes to capture 

and interpret nuanced cellular activities effectively. Kundu A.'s work in 2021 spotlights 

a concerning aspect of 3D-printed microelectrode arrays—the poor adhesion between 

the insulative layer and substrate material [42]. This limitation severely restricts their 

biomedical application, signifying a clear gap in material integration. 

Molina-Martínez's research in 2022 emphasizes the critical need for improved 

integration of electrical recording with other readout modalities in 3D neuronal cultures 

[43]. This knowledge gap reflects a broader challenge to achieving a more 

comprehensive understanding of neuronal activity through multimodal measurements. 

Spira's influential work from 2013 points to a crucial research gap, the inability 

of existing microelectrode arrays to capture subthreshold synaptic potentials and 

membrane oscillations, highlighting a significant limitation in current methodologies 

and calls for innovative approaches to bridge this gap in understanding neural activity 

at a finer scale [44]. 

Du's work in 2009 and Soscia's findings in 2020 converge on the shared need 

for improved spatial resolution and the ability to simultaneously record from multiple 

locations within 3D networks of neurons[25,45]. This research gap underscores the 

need for more sophisticated recording technologies to provide a richer and more 

detailed understanding of complex neural circuitry. 

Revyn's insights in 2022 draw attention to a critical research gap in commercial 

microelectrode array platforms: their inability to allow 3D spatial recording of neuronal 



18 

activity and high-throughput single-unit recordings [46]. This limitation severely 

hampers the study of neuronal tissues and organoids, highlighting the importance of 

platforms that can provide comprehensive insights into intricate neural structures. 

The collective body of research by Saleh, Dong, Azim N., Molina-Martínez, 

Spira, Du, Soscia, and Revyn identifies current limitations and illuminates significant 

research gaps. Addressing these gaps requires advancements in electrode design, 

signal measurement accuracy, material integration, and recording capabilities, 

signifying a crucial frontier for future innovations in 3D MEAs. A significant challenge 

lies in the lack of precise control over the height of the 3D electrodes at an individual 

level, which is critical for achieving accurate and realistic neural modeling. Additionally, 

the existing methods are not sufficiently robust to facilitate wafer-scale production, 

raising concerns about scalability and broader applicability. Furthermore, the 

compatibility of 3D MEAs with existing experimental platforms remains an issue that 

hinders seamless integration into established research setups. Another drawback is 

the poor volumetric distribution of electrodes in the X, Y, and Z dimensions, which 

restricts the comprehensive coverage required for in-depth electrophysiological 

investigations. The current state of 3D MEAs also falls short of providing customization 

options for electrode array topography and configuration, limiting their adaptability to 

diverse experimental needs. Moreover, concerns about cost-effectiveness add 

another layer of complexity, necessitating careful evaluation of the practical feasibility 

of these advanced geometries in the broader landscape of neuroscience research. 

Overall, the majority of the 3D MEA device spectrum can be divided into two 

primary categories based on the electrode design, topography of the electrode arrays, 

and interactions with tissue cultures. The first category is represented by 3D MEA 

devices comprising partially passivated protruding-tip-based electrodes [30,31,47] and 

uniform-height 3D electrode arrays [38,40]. The protruding 3D tip electrodes allow 

access through surface dead cell layers to the intact cell layer in the brain slice, 

allowing the detection of more signals compared to conventional 2D type electrodes 

[29,30]. Protruding tip-based 3D MEAs have numerous advantages over 2D MEAs. 

However, the constant electrode height is a major limitation, allowing the recording of 

electrophysiological activities from a single plane in a complex 3D neuronal construct.  

This limitation is addressed by the second category of 3D MEA devices, 

consisting of multiple electrodes on a vertical shank [25,26,45,46] and electrodes with 

varying heights [35,37,39,48]. This category of 3D MEAs has shown great potential for 

investigating the electrophysiological activity of 3D neuronal constructs. However, 

some key concerns must be addressed. 3D MEA devices consisting of multiple 

electrodes on vertical shanks offer excellent resolution in the Z dimension, often 

achieved at the cost of lateral resolution owing to complex fabrication approaches [25]. 

However, variable shank height 3D MEAs stand out because of their unparalleled 

customizability, allowing researchers to control shank heights precisely. This 

adaptability is crucial for tailoring studies to diverse neural tissues, achieving improved 



19 

spatial resolution, and ensuring precise recording and stimulation. However, these 3D 

MEAs are mostly fabricated using various 3D printing technologies. The use of 3D 

printing technology in electrode fabrication, while offering unparalleled design flexibility 

and the potential for complex geometries, is not without limitations. Veloso et al. (2023) 

emphasized a key limitation: the impact of the contact resistance on the 

electrochemical response of 3D-printed electrodes [49]. This challenge stems from the 

inherent electrical conductivity of the printed material, which debunks the conventional 

assumption that finite electron transfer is the primary limiting factor. Despite the ability 

to modulate the contact resistance through the design of 3D-printed electrode 

geometries, the electrical properties of the printed material persist as a constraint. 

Additionally, while surface modifications demonstrate promise for enhancing the 

standard heterogeneous rate constant, intrinsic challenges are tied to the fundamental 

electrical conductivity of 3D printed materials. These limitations necessitate further 

exploration to refine the electrode design and improve the electrochemical 

performance [49]. 

I.5 Platform for development of variable-height 3D MEA  

This thesis presents a new technological platform to develop highly 

customizable multi-depth probing 3D MEA devices with precisely controlled variable 

electrode heights. This platform utilizes a multistage bottom-up fabrication approach 

capable of developing 2D and 3D MEAs and hybrid 3D MEAs capable of probing 3D 

neuronal constructs on the surface and at multiple depths. This approach utilizes well-

established micromachining processes, such as deposition, photolithography, and 

etching, to develop planar MEAs with customized layouts that define the core of the 

technology. These planar MEAs are then transformed into 3D MEAs using a template-

assisted electrodeposition process. This transformation is achieved using an 

innovative selective electrodeposition mechanism, allowing control over the electrode 

heights and array topography, discussed in detail in the third chapter of the thesis. 

This technological platform addresses some critical limitations of existing 

platforms for developing customizable 3D MEAs. The current approach uses 

electrodeposition to fabricate 3D electrodes, addressing the issues of the printed 

electrode's contact resistance and poor electrical conductivity. Another key issue 

addressed is the ability of the reported platform to enable customization at a batch-

processing scale. Further research and development on the technology could further 

enhance its scalability, cost-effectiveness, and customizability. 

The proposed technological platform presented in this chapter builds upon the rich 

heritage of existing MEA technology. As discussed in the next chapter, MEA 

technology has evolved significantly over the years, driven by a quest to enhance our 

understanding of neural activity and brain function. 
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Chapter II: Exploring essential elements of MEA 
technologies 

II.1 Evolution of MEA technology 

II.1.1 Overview of planar (2D) MEA technology 

Planar MEA technology represents a significant advancement in 

electrophysiology, serving as a crucial instrument for understanding the behavior of 

neuronal networks. The fundamental principle underlying MEA technology involves 

the arrangement of multiple microelectrodes on a shared substrate, enabling the 

simultaneous recording or stimulation of neuronal activity from various locations [50]. 

Traditional MEAs, commonly called planar MEAs, typically consist of biocompatible 

substrates (such as glass or silicon) onto which metal (such as gold or platinum) or 

conductive polymer electrodes are patterned. These microelectrodes were connected 

to an electronic interface that amplified and digitized the recorded signals for further 

analysis. 

In 1972, Thomas et al. demonstrated the first functional planar or 2-dimensional 

(2D) MEA [51]. The device consisted of two rows of platinized gold electrodes ( 15 

electrodes in each row), separated by a distance of 100 μm on a glass substrate and 

passivated with a photoresist. Although proficient in recording field potentials from 

spontaneously contracting sheets of cultured chick cardiomyocytes, this early MEA 

design fell short of capturing single-cell activity. Subsequently, Gross et al. merged 

photolithography and laser etching techniques, resulting in a high-density MEA 

capable of recording electrical activity from over 30 neurons dissociated from the snail 

ganglia [52]. The groundbreaking achievement of a single recording from a network of 

rat superior cervical ganglion neurons cultured for up to three weeks occurred in 1980 

when Pine utilized a 2D MEA with 32 platinized gold electrodes insulated by silicon 

dioxide [53]. The concept of fabricating rigid electrodes directly on a glass substrate, 

where the 2D MEA features gold electrodes with platinum black-coated tips, was 

initially proposed by Novak and Wheeler in 1988 [54]. 

During the early 1990s, progress in complementary metal–oxide–

semiconductor (CMOS) technology played a pivotal role in significantly advancing 

MEA technology. Integrating CMOS and MEA technologies has led to more precise 

and accurate high-density MEAs. These CMOS-based MEAs enable measurements 

with superior spatial and temporal resolutions, overcoming certain limitations 

associated with passive MEAs. Over the years, various high-density microelectrode 

arrays (HD-MEAs) have employed post-processing techniques to manufacture 

electrodes onto embedded CMOS electronics [55]. A notable milestone occurred in 

2007 when Frey et al. introduced a device featuring reconfigurable electrode/readout-

channel routing [56]. The novel device included 11,011 metal electrodes and 126 
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channels with reconfigurable routing, allowing each electrode to perform simultaneous 

stimulation and electrophysiological recordings of neurons. 

It is imperative to augment electrode density to enhance the comprehension of 

signal propagation within neural networks. With this objective, Berdondini et al. 

pioneered the development of a CMOS-based solid-state Active Pixel Sensor (APS) 

array in 2009 [57]. The apparatus comprised 4096 pixels, organized in a 64 × 64 MEA, 

facilitating micro- and macro-circuitry electrophysiological recordings within in vitro 

neuronal preparations. Subsequently, in 2014, Ballini et al. demonstrated a remarkably 

high-resolution CMOS-based MEA device designed for scrutinizing 

electrophysiological activities at the subcellular, cellular, and network levels. This 

innovative device featured a rapidly reconfigurable array of 26,400 microelectrodes 

crafted using narrow-pitch lithography [58]. 

Planar MEAs have been instrumental in studying neuronal cultures and offer 

several advantages over classical single-cell electrophysiological methods. First, they 

allow for noninvasive, long-term monitoring of neuronal activity, enabling the study of 

network development and dynamics over time. Second, they provide simultaneous 

multi-site recordings, capture the spatiotemporal patterns of neuronal activity, and 

reveal the underlying network structure [59]. Planar MEAs have found widespread 

applications beyond basic research. They have been used to create in vitro models of 

neurological diseases, assess the neurotoxic effects of drugs, and investigate the 

bioelectric behavior of other cell types, such as cardiomyocytes [60,61]. 

II.1.2 Limitations of planar arrays for 3D neuronal cultures 

Despite the significant contributions of planar MEAs to neuroscience, they have 

inherent limitations when studying three-dimensional (3D) neuronal cultures. A primary 

constraint is the 2D design of planar MEAs, which restricts recording and stimulation 

to the bottom layer of cells in 3D cultures [32]. This limitation overlooks the intricate 

depth-dependent dynamics within 3D neuronal networks, providing a limited view of 

overall network activity [6]. 

Furthermore, the spatial resolution of planar MEAs is constrained by the 

electrode pitch, typically tens to hundreds of micrometers. This constraint limits the 

ability of MEAs to capture fine spatial patterns of activity within dense 3D neuronal 

cultures [44]. Another key limitation concerns the mechanical mismatch between the 

rigid planar MEA substrate and the soft 3D neuronal culture. This mismatch can strain 

and potentially damage the culture, affecting its health and function [62]. 

Although planar MEAs have been instrumental in advancing our understanding 

of neuronal networks, their limitations concerning 3D neuronal cultures necessitate the 

development of more advanced recording technologies. The advent of 3D MEAs 

represents a promising strategy towards this goal, offering the potential to explore 

depth-dependent dynamics in 3D neuronal cultures. 
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II.2 Advantages and Challenges of 3D MEAs 

II.2.1 Enhanced neuronal morphology and connectivity 

The emergence of 3D MEAs marks a significant leap in electrophysiology, 

addressing the limitations associated with planar MEAs and bridging the gap between 

in vitro and in vivo models of neuronal activity [63]. One of the key advantages of 3D 

MEAs is their ability to accommodate the natural 3D morphology and connectivity of 

neurons, thereby providing a more accurate reflection of the in vivo neural environment 

[64]. 

Neurons in 3D cultures display more realistic axonal and dendritic arborization 

patterns than 2D cultures [65]. This complex morphology, coupled with the fact that 

3D cultures allow neurons to form connections in all directions, leads to a network 

topology that closely mimics actual brain tissue [10]. 

3D MEAs can capture this enhanced connectivity with their ability to record data 

from multiple points within a 3D culture. They provide a unique tool to study the spatial 

and temporal patterns of neuronal activity across the depth of a 3D network, thereby 

enriching our understanding of neuronal communication and function [66]. 

II.2.2 Physiologically relevant microenvironments 

3D MEAs also take advantage of physiologically relevant microenvironments 

created by 3D neuronal cultures. These environments include the extracellular matrix 

and cellular components that mimic the in vivo brain environment, providing essential 

biochemical and biophysical cues for neuronal growth and function [67]. 

3D MEAs within such environments provide a more holistic view of the neuronal 

responses to these cues. For instance, they can be used to investigate how neurons 

respond to gradients of signaling molecules or the mechanical properties of the 

extracellular matrix, thereby shedding light on the complex interplay between neurons 

and their microenvironment [68]. 

II.2.3 Challenges in 3D MEA fabrication and integration 

Despite the significant advantages of 3D MEAs, their fabrication and integration 

into 3D neuronal cultures pose substantial challenges [6]. The fabrication of 3D MEAs 

requires sophisticated manufacturing techniques to create a 3D electrode structure 

and to ensure biocompatibility. 

The challenges in 3D multi-electrode array fabrication include customization to 

address specific experimental or clinical needs, limitations in coverage, fragility, and 

expense of current electrodes, and the complexity of surface electrode design with 

low-parasitic and high-density interconnection requirements. Other challenges include 

high alignment accuracy and reproducibility when assembling heterogeneous chips of 

different sizes and thicknesses. Additionally, there is a need for flexible reconfiguration 
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of electrode layouts, different individual shank lengths and layouts, and low overall 

channel impedances [39]. The fabrication of 3D multielectrode devices also requires 

the development of custom 3D-printed multilayer circuit boards to support the 

integration of high-density electrodes. Overall, the challenges in 3D multi-electrode 

array fabrication revolve around achieving customization, robustness, high alignment 

accuracy, and low impedance. 

Integration of 3D MEAs with 3D neuronal cultures is a key challenge. The 

electrode array must be carefully inserted into the culture medium without causing 

significant mechanical disruption. Moreover, maintaining cell health and viability within 

the 3D culture, particularly in regions close to the electrodes, is crucial for reliable 

electrophysiological recording [29]. Another challenge lies in the interpretation of the 

data obtained from 3D MEAs. The complex 3D structure of the recorded network 

makes it difficult to accurately assign recorded signals to specific neurons or locations 

within the culture [57]. 

While 3D MEAs offer significant advantages for studying neuronal networks, 

their widespread adoption in neuroscience research requires further effort to overcome 

the technical challenges associated with their fabrication, integration, and data 

interpretation. 

II.3 Design considerations for 3D MEAs 

II.3.1 Electrode design, configuration, and density 

Electrode design plays a crucial role in the performance of 3D MEAs, and an 

ideal electrode should have several key characteristics. The electrode should be highly 

sensitive to detect low-level neural signals with high fidelity. It should also minimize 

the electrical noise to ensure clean and reliable signal recording. Additionally, the 

electrode should maintain a stable impedance over time to avoid signal distortion and 

ensure a long-term recording capability. The electrode material and surface chemistry 

should be biocompatible and non-toxic to avoid harming neurons. Finally, the 

electrode should be mechanically stable and not prone to deformation or breakage in 

the complex microenvironment of the 3D cultures. 

Electrode configuration and density are critical parameters in the design of 3D 

MEAs. They directly influence the spatial resolution and coverage of neuronal activity 

that can be recorded and, thus, the level of detail and accuracy in the data collected. 

In conventional 2D MEAs, electrodes are typically arranged in a planar grid [57]. 

However, in 3D MEAs, electrodes can be strategically distributed in three dimensions 

to maximize coverage within the volume of 3D culture. This approach improves the 

spatial resolution of recordings and enables the capture of depth-dependent 

characteristics of neuronal activity [25].  

The electrode density, or number of electrodes per unit volume, also plays a 

critical role in determining the spatial resolution of the array. Higher electrode densities 
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can provide finer spatial resolution, allowing the detection of signals from individual 

neurons within a 3D network [29]. However, the increased complexity associated with 

higher densities can lead to signal processing and data management challenges. 

II.3.2 Biocompatible substrates and materials 

The choice of biocompatible substrates and materials is crucial for designing 

3D MEAs to ensure they do not elicit adverse cellular responses. The materials used 

for the substrates and electrodes should be conductive, durable, and biocompatible. 

Negar Geramifard et al. have designed a helical 3D MEA using polyimide, amorphous 

silicon carbide, gold/titanium, and sputtered iridium oxide films [69]. Lisa Mapelli et al. 

have developed a CMOS high-density (HD) MEA with microneedles that can penetrate 

and record in-tissue signals, providing a 3D HD-MEA chip [40]. Kundu et al. used cost-

effective makerspace microfabrication techniques to fabricate 3D MEAs with 3D 

printed base structures and metallization of micro towers and conductive traces [42]. 

Glass substrates have also been used because of their biocompatibility, chemical 

resistance, and optical transparency [70]. Yo Han Cho et al. discuss using 3D 

bioelectrodes to optimize the transfer of signals at tissue-electrode interfaces  [71]. 

The use of silicon, gold, and platinum as electrode materials has been well-

established because of their excellent conductivity and biocompatibility [72]. However, 

these materials may not ideally match the mechanical properties of soft neural tissues 

[73]. A platinum-elastomer composite was developed to address this mismatch, 

offering mechanical compliance and electrochemical properties [72]. Organic 

coatings, such as conductive polymers and carbon nanotubes, have also been 

explored to improve charge transfer and reduce mechanical mismatch with neural 

tissues [73]. Despite these advancements, challenges remain in optimizing these 

materials' electrical, mechanical, chemical, and biological properties to achieve long-

term performance [74]. Further research is needed to address these challenges and 

develop more effective neural interface electrodes [75]. 

Recent advances in materials science have led to the development of novel 

materials with superior biocompatibility and mechanical flexibilities. Kaur et al. (2015) 

and Huang et al. (2019) highlighted the potential of conductive polymer composites 

comprising biostable/biocompatible polymers and conductive fillers, such as 

graphene, carbon nanotubes, and metallic nanoparticles [76,77]. These composites 

have shown promise for various biomedical applications, including biosensors, drug 

delivery systems, and tissue engineering. Zhou et al. (2023) discussed the utility of 

flexible and stretchable carbon-based sensors and actuators in soft robotics, 

emphasizing their biocompatibility, portability, and power efficiency [78]. Barreiro et al. 

(2019) further explore the use of biobased carbon materials in fabricating conductive 

silk-based composites, which are highly stretchable, flexible, and biocompatible [79]. 
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II.3.3 Spatial and temporal resolution optimization 

Spatial and temporal resolutions are crucial for recording electrophysiological 

activity in 3D MEA arrays. Spatial resolution refers to the ability to spatially discriminate 

between different neuronal sources, whereas temporal resolution is the ability to 

capture neural activity dynamics accurately. Research has shown that electrode size 

and shape significantly influence spatial resolution in extracellular recordings. Smaller 

and more precisely shaped electrodes can be recorded from smaller neuronal 

populations or individual neurons [80]. This approach is essential for high-density 

intracortical recording, where nanofabricated ultra-flexible electrode arrays have been 

shown to overcome physical limitations and achieve a high signal-to-noise ratio [81]. 

However, there is a trade-off between electrode size and recording characteristics, 

with an optimum size of approximately 20 × 20 µm for improved selectivity [82]. High-

density arrays of 3D microneedle electrodes have been proposed to evaluate the 

spatial resolution of neuronal activity, with the spatial resolution of spike signals found 

to be smaller than the electrode interval [83]. 

On the other hand, the temporal resolution is determined by the sampling rate 

of the recording system. Higher sampling rates allow for the capture of more rapid 

changes in neuronal activity. However, higher sampling rates also lead to larger 

datasets and increased computational demands for data analyses [84]. Optimizing the 

spatial and temporal resolution is crucial for obtaining high-quality recordings that 

accurately reflect the complex dynamics of neuronal activity in 3D cultures [85]. 

However, trade-offs among resolution, complexity, and data management must be 

carefully considered when designing 3D MEAs. 

II.4 Fabrication techniques for 3D MEAs 

II.4.1 Photolithography-based approaches 

Photolithography has been a staple in microfabrication since its inception and 

is indifferent to the fabrication of 3D MEAs. This process involves using light to transfer 

a geometric pattern from a photomask to a light-sensitive chemical or a photoresist on 

a substrate. After exposure, the photoresist undergoes a development process that 

removes the exposed or unexposed regions depending on the type of photoresist 

used. This process forms a patterned structure, which can then be used as a template 

for further processing, such as the deposition or etching of the electrode materials. 

Photolithography, while effective for high-resolution patterning, can be time-

consuming and costly because of the need for iterative mask development [86]. 

However, alternative methods, such as LCD stereolithographic 3D printing and liquid 

deposition photolithography, offer rapid and cost-effective fabrication of complex 3D 

microstructures [87,88]. Another approach involves using a flexible elastomeric 

photomask and near-field subdiffraction photolithography, further enhancing the 
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resolution and cost efficiency [89]. These advancements in fabrication techniques 

provide viable alternatives to traditional photolithography processes, thereby 

addressing their limitations. 

II.4.2 Micromolding and soft lithography techniques 

Micromolding and soft lithography techniques have also been extensively 

employed to fabricate 3D MEAs. These methods involve using a mold or template to 

shape a material into a desired structure [90]. In soft lithography techniques, the 

template is generated using a flexible material such as polydimethylsiloxane (PDMS), 

which can be peeled off from the cast structure without causing damage. These 

techniques offer advantages such as cost-effectiveness and ease of fabrication. They 

can also be used with various materials, including biocompatible polymers and 

hydrogels, and are particularly suitable for 3D MEA applications. 

Various soft lithography techniques have been used to develop 3D MEAs for 

electrophysiological investigation. Yadav et al. (2021) introduced a multi-level 3D MEA 

with gold micro-pillars, while Morales-Carvajal et al. (2020) demonstrated a stainless 

steel 3D MEA on a glass substrate for simultaneous optical and electrical probing 

[47,91]. Didier et al. (2020) presented compact 3D MEAs with monolithically defined 

features, and Rajaraman et al. (2007) reported successful electrical characterization 

and electrophysiological recordings from brain slices using metal transfer micro 

molded 3D MEAs [31,92]. These studies highlight the potential of soft lithography 

techniques for advancing the 3D MEA technology for electrophysiological 

investigations. 

II.4.3 3D Printing and additive manufacturing methods 

3D printing, or additive manufacturing, is a relatively recent development in 

fabrication technology that has shown great potential for 3D MEA fabrication. This 

process involves the layer-by-layer deposition of the material to create a 3D structure 

guided by a digital model. Different 3D printing techniques, such as stereolithography 

(SLA), fused deposition modeling (FDM), and selective laser sintering (SLS), can be 

used depending on the material and resolution requirements [39,93]. With the 

development of conductive inks and filaments, 3D printing tools can fabricate 

substrates and electrodes for 3D MEAs [94]. 

Recent advancements in 3D printing technology have shown promise for 

addressing the challenges of achieving high resolution and precision in the fabrication 

of MEAs. Grob et al. (2019) and Kundu et al. (2020) demonstrated the feasibility of 

fabricating high-resolution 3D MEAs using electrohydrodynamic inkjet printing and 

microstereolithography (μSLA)-based 3D printing [95,96]. These methods allow for 

tuning the electrode dimensions and integrating all components of the MEA platform 

to realize high-throughput, self-insulated 3D MEAs. An et al. (2015) further highlighted 
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the potential of electrohydrodynamic inkjet printing in creating high-resolution complex 

3D structures with multiple functional inks, which could be applied to fabricating MEA 

electrodes [97]. These studies underscore the potential of 3D printing to overcome the 

challenges of high resolution and precision in MEA electrode fabrication. 

The fabrication of 3D MEAs has come a long way away, with various techniques 

being developed and refined to achieve the desired design and performance 

characteristics. Photolithography, micro-molding, and soft lithography have proven to 

be effective methods for fabricating these devices, whereas 3D printing offers exciting 

new possibilities. However, achieving the required electrode conductivity and 

biocompatibility remains challenging [49].  

II.5 Electrode materials for 3D arrays 

II.5.1 Metal electrodes: advantages and challenges 

Metal electrodes have long been used in traditional MEAs and are widely 

employed in 3D MEAs. Materials such as gold, platinum, and titanium offer excellent 

electrical conductivity and biocompatibility, making them suitable for recording and 

stimulating neuronal activity [98]. Metal electrodes provide reliable and stable electrical 

contact with neurons, thus enabling high-quality signal recording. They exhibit low 

impedance, which facilitates the detection of weak neural signals and reduces noise 

interference. In addition, metal electrodes are relatively easy to fabricate and integrate 

into 3D MEAs. 

However, metal electrodes have limitations. They are rigid and lack mechanical 

flexibility. This lack of flexibility may strain delicate 3D neuronal cultures and affect 

their function and viability. Furthermore, metal electrodes can induce corrosion over 

time, leading to the degradation of electrode performance and potential toxicity to the 

surrounding tissue. Despite these limitations, 3D MEAs have been successfully 

designed and utilized for recording and stimulating neuronal activity, with the potential 

to monitor neural network activity in all three dimensions [32,42]. These advancements 

in 3D MEAs offer promising solutions to the challenges posed by using metals as 

electrode materials. Efforts are being made to address these challenges;  

nanostructuration techniques have been explored to enhance the performance of 

MEAs, including using carbon nanotubes and conducting polymers [99]. 

II.5.2 Carbon-based electrodes: Graphene, Carbon 

Nanotubes, and Diamond 

Carbon-based electrodes, including graphene, carbon nanotubes (CNTs), and 

diamond, have recently gained significant attention because of their unique properties 

and potential applications in 3D MEAs. 

Graphene, a single layer of carbon atoms arranged in a hexagonal lattice, offers 

exceptional electrical conductivity, high mechanical strength, and chemical stability 
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[100]. They can be integrated into 3D MEAs as standalone electrodes or as coatings 

on other materials. Graphene electrodes have demonstrated superior sensitivity and 

signal-to-noise ratios in neuronal recordings, providing promising prospects for high-

resolution electrophysiological studies [101]. 

Carbon nanotubes – cylindrical structures composed of rolled-up graphene 

sheets –also possess excellent electrical properties and mechanical flexibility [102]. 

Carbon nanotubes can be functionalized and aligned to create 3D networks, allowing 

for improved electrode-neuron interfacing and enhanced signal detection [103]. 

Diamond electrodes, made of synthetic diamond, exhibit a unique combination 

of properties, including high electrical conductivity, chemical inertness, 

biocompatibility, and low background noise. They offer long-term stability and 

durability in harsh environments, making them suitable for application in 3D MEAs 

[104]. 

II.5.3 Conducting polymer electrodes: PEDOT, PPy, and PANI 

Conducting polymers have emerged as promising electrode materials for 3D 

MEAs owing to their unique combination of electrical conductivity, mechanical 

flexibility, and biocompatibility. Poly(3,4-ethylenedioxythiophene) (PEDOT), 

polypyrrole (PPy), and polyaniline (PANI) are conducting polymers widely used in 

neuroelectrodes [105]. These polymers can be electrodeposited or spin-coated onto 

electrode surfaces, providing a conformal and uniform coating that promotes close 

contact with the neurons. 

Polymer electrodes offer several advantages, including enhanced electrode-

neuron interfacing, reduced impedance, and improved long-term stability compared to 

metal electrodes [106]. They can also be functionalized with bioactive molecules to 

modulate neuronal adhesion, growth, and signaling. However, conducting polymer 

electrodes face challenges related to their stability and performance over time. 

Oxidative degradation, loss of conductivity, and potential toxicity are among the 

concerns that must be addressed to ensure a reliable and safe long-term operation. 

II.5.4 Nanomaterial-based electrodes: Nanowires, Nanotubes, 

and Nanoparticles 

Nanomaterials such as nanowires, nanotubes, and nanoparticles offer unique 

properties and functionalities that make them attractive candidates for 3D MEAs [107]. 

The high aspect ratio and small dimensions of nanowires enhance their 

sensitivity and spatial resolution in recording neuronal activity [63]. They can be 

fabricated from various materials, including silicon, metal oxides, and conductive 

polymers, and can be integrated into 3D MEAs to probe neuronal networks at the 

subcellular level. 
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Carbon nanotubes, mentioned earlier as carbon-based electrodes, also fall into 

the category of nanomaterials. Their high electrical conductivity, mechanical flexibility, 

and biocompatibility make them suitable for 3D MEAs. In addition to their use as 

electrodes, carbon nanotubes can serve as substrates for neuronal growth and 

guidance, promoting neuronal network formation [108]. 

Nanoparticles, such as gold nanoparticles or quantum dots, can be 

functionalized and coated onto electrode surfaces to enhance electrode-neuron 

interfacing and signal detection [109]. They offer the potential for enhanced 

biocompatibility, increased signal amplification, and the controlled release of bioactive 

molecules. 

Although nanomaterial-based electrodes hold great promise, challenges remain 

regarding scalability, reproducibility, and long-term stability. Further research is 

needed to optimize the fabrication techniques, biocompatibility, and integration into 3D 

MEAs. 

II.6 Integration and interface electronics 

II.6.1 Readout circuitry: Amplification and signal conditioning 

Effective integration of the readout circuitry is essential for accurate and reliable 

recording of neuronal activity using 3D MEA. The readout circuitry performs critical 

functions, such as amplification and signal conditioning, to ensure an optimal signal-

to-noise ratio and fidelity in the recorded neural signals. 

Amplification is necessary to enhance the weak electrical signals generated by 

neurons and overcome noise sources within the recording system. A neural amplifier 

is tasked with refining the neural waveforms by eliminating DC offsets and enhancing 

the amplitude of the resulting signal. For optimal signal quality, this amplifier must 

generate ample gain, filter within the appropriate bandwidth, exhibit a high signal-to-

noise ratio (SNR) with superior linearity, and possess high common mode and power 

supply rejection ratios (CMRR and PSRR). Typically, the background noise at the 

electrode-tissue interface is around 10 µVrms or less, setting the foundation for 

practical neural signal recording. Successful neural amplifiers capable of extracting in 

vivo action potentials typically have an input-referred noise value below 3–7 µVrms 

[110]. Without maintaining this controlled noise level, the signal risks being 

overwhelmed by surrounding noise. 

The action potential reaches 100 mV range at the neural cell membrane level 

but diminishes rapidly at a short distance from the cell surface. Hence, a gain in the 

range of 40 dB was considered the minimum necessary. Action potentials exhibit 

valuable frequency content between 100 Hz to 10 kHz, with signal amplitudes reaching 

the single-digit microvolt range [111]. Stimulation studies have revealed that various 

factors play a significant role, with signal characteristics being influenced by both 

physiological factors and aspects, such as electrode geometry (Krasteva et al., 2002), 
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composition of the target neural tissue, and electrode impedance (Bharucha et al., 

2014) [110,112]. Managing external and internal noise sources and power supply 

noise is crucial for ensuring accurate signal representation. 

Signal conditioning encompasses several processing steps, such as filtering, 

impedance matching, and artifact rejection, to enhance the quality and integrity of 

recorded neural signals. Liu et al. (2018) proposed an event-driven processing method 

aimed at efficient spike sorting, achieving comparable accuracy with lower hardware 

resources [113]. Novellino et al. (2009) also introduced the Neural Signal Manager, a 

software package designed for multi-channel spike train analysis incorporating burst 

detection and statistical algorithms [114]. Filtering techniques, including high-pass, 

low-pass, or band-pass filtering, can eliminate noise and unwanted frequency 

components from the signal. Impedance-matching techniques optimize the electrode 

and recording system coupling, ensuring efficient signal transfer while minimizing 

distortion. Utilization of artifact rejection techniques, as suggested by Lewicki et al. 

(1998), aids in identifying and eliminating artifacts induced by stimulation or electrical 

interference [115]. 

II.6.2 Data acquisition and processing 

Efficient data acquisition and processing are critical components in integrating 

3D MEAs. The large number of recording channels and high data rates associated 

with 3D MEAs require robust and scalable data acquisition systems [116]. Data 

acquisition systems typically consist of analog-to-digital converters (ADCs) that digitize 

analog neural signals, allowing for subsequent digital signal processing and analysis. 

High-speed ADCs with appropriate resolution and sampling rates are required to 

capture the rapid dynamics of neuronal activity. 

Signal processing algorithms extract meaningful information from recorded 

neural signals. These algorithms include spike detection and sorting, event detection, 

feature extraction, and pattern-recognition techniques. Efficient processing algorithms 

enable the identification of neural activity patterns, the analysis of network dynamics, 

and the extraction of relevant information from large datasets [117]. 

II.7 Approaches for cell loading in 3D arrays 

II.7.1 Spontaneous cell aggregation techniques 

Spontaneous cell aggregation techniques aim to promote the self-assembly of 

cells into 3D structures within the MEAs. These methods leverage the inherent cell-

cell interactions and adhesive properties of cells to drive their clustering and 

organization. Various techniques have been developed to facilitate the autonomous 

organization of cells into three-dimensional (3D) structures within MEAs. Highlighting 

the potential applications of these methods, Eke et al. (2022) and Gallego-Perez et al. 

(2010) emphasized their relevance in regenerative medicine and drug discovery, 
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respectively [118,119]. In particular, Eke et al. (2022) highlighted the importance of 

controlled architecture and heterogeneity in steering cell differentiation and 

proliferation. Using specific methodologies, Napolitano et al. (2007) introduced a 

scaffold-free approach using micromolded non-adhesive hydrogels, while Brisson et 

al. (2002) demonstrated the creation of two-dimensional cellular arrays through 

electrophoretic deposition [120,121]. 

The hanging drop method, a widely employed technique in cell culture, has seen 

recent advancements at the microscale, resulting in a more user-friendly platform 

[122]. This method, known for its simplicity and reproducibility, has proven valuable in 

generating multicellular tumor spheroids [123]. Additionally, it has demonstrated 

success in stem cell differentiation and cytotoxicity studies, offering a cost-effective 

and efficient alternative [124]. Furthermore, the hanging drop method has been 

applied in the three-dimensional cultivation of germ cell cancer cell lines, serving as a 

valuable tool for studying cancer cell biology [125]. The hanging drop method utilizes 

tiny droplets containing cells suspended upside down from the lid of the culture dish. 

Owing to gravity, the cells settle at the bottom of the droplet, forming 3D aggregates. 

These aggregates can then be transferred onto the MEA surface for culture and 

recording. 

Various studies have explored the utilization of microwells and micropatterned 

substrates to regulate the size and arrangement of cell aggregates. Tekin et al. (2010) 

devised stimuli-responsive microwells capable of thermal regulation to facilitate the 

retrieval of cell aggregates, rendering them adaptable for diverse applications [126]. 

Selimović et al. (2011) introduced a fast and cost-effective method for crafting 

microwells through laser ablation, showcasing their potential for high-throughput 

analysis of cell behavior[127]. Forget et al. (2017) proposed a swift fabrication 

technique for functionalized PDMS microwells that promotes the formation of insulin-

producing cell aggregates and provides a platform for screening biological factors 

[128]. Ochsner et al. (2007) engineered micro-well arrays that afford 3D shape control 

for individual cells, expanding the toolkit available for fundamental biological studies 

and high-throughput cell screening assays [129]. 

Spontaneous cell aggregation techniques offer simplicity and versatility, 

enabling the formation of complex neuronal networks in 3D MEAs. However, they often 

lack control over individual cells' precise positioning and organization within 

aggregates. 

II.7.2 Scaffold-based methods: Hydrogels and biodegradable 

scaffolds            

Scaffold-based methods involve physical frameworks or support structures that 

guide cell growth and organization within 3D MEA arrays. Hydrogels and 
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biodegradable scaffolds are commonly used as scaffold materials because of their 

biocompatibility and ability to mimic the extracellular matrix (ECM). 

Hydrogels are three-dimensional networks of crosslinked hydrophilic polymers 

that absorb and retain large amounts of water [130]. They provide a hydrated and 

biologically friendly environment for cell growth and offer tunable mechanical 

properties and degradation rates. On the other hand, biodegradable scaffolds are 

typically fabricated from natural or synthetic materials that can be degraded over time 

by enzymatic or chemical processes [131]. These scaffolds can provide structural 

support during cell culture and then gradually degrade, allowing cells to replace the 

scaffold material with their ECM. 

Scaffold-based methods offer enhanced control over cell positioning, 

organization, and network formation within 3D MEA arrays. Cell behavior and 

differentiation can be modulated by incorporating specific biochemical cues, such as 

growth factors or adhesion molecules, into the scaffolds. 

II.7.3 Bioprinting techniques for precise cell placement 

Bioprinting techniques have emerged as powerful tools for precise and 

controlled cell placement within 3D MEAs. Bioprinting enables layer-by-layer 

deposition of cells, biomaterials, and other bioactive components to create complex 

3D structures [132]. Bioprinting enables the incorporation of multiple cell types, such 

as neurons, astrocytes, and supporting cells, in a spatially defined manner to mimic 

the cellular complexity of native tissues. It also offers the potential to create patient-

specific models using cells derived from individuals with specific diseases or genetic 

backgrounds. However, challenges remain in obtaining appropriate bio-ink 

formulations, ensuring high cell viability and functionality after printing, and optimizing 

the integration of printed structures with MEA platforms. 

II.7.4 Cell encapsulation strategies: Microcapsules and 

hydrogel beads 

Cell encapsulation strategies involve confining individual cells or cell clusters 

within protective microcapsules or hydrogel beads [133]. These encapsulation 

structures provide a controlled microenvironment for cells, protecting them from 

mechanical- and immune-related stresses. Microcapsules are typically spherical 

structures composed of biocompatible polymers, such as alginate or agarose, which 

can be easily fabricated using droplet-based techniques [134]. These capsules allow 

for the encapsulation of single cells or small aggregates and provide a physical barrier 

that isolates cells from the surrounding environment. 

Hydrogel beads, such as those made from alginate or hyaluronic acid, are 

promising for cell encapsulation in tissue engineering and regenerative medicine 

[135,136]. These beads provide a supportive matrix for cells, allowing nutrient and 
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oxygen diffusion to support cell viability [137]. Using sacrificial porogens such as 

gelatin beads can further enhance the porosity and permeability of the hydrogel, 

leading to improved cell proliferation and function [135]. Microfluidic channels made 

from cell-laden hydrogels, such as agarose, can also facilitate the exchange of 

nutrients and waste products, thereby maintaining cell viability [138]. 

Cell encapsulation strategies offer advantages in terms of cell protection, 

uniform distribution, and controlled cell-cell interactions within 3D MEA arrays. They 

also facilitate the isolation and retrieval of specific cells for downstream analysis. 

 

II.8 Recording electrophysiological activities in 3D 

arrays 

II.8.1 Signal-to-noise ratio optimization 

Recording electrophysiological activities in 3D MEAs requires careful signal-to-

noise ratio (SNR) optimization. The SNR is a critical factor in the accurate detection 

and analysis of neural signals and is influenced by several factors, including electrode 

design, amplifier characteristics, and noise sources. 

Electrode designs with reduced noise and improved signal detection capabilities 

are employed to optimize SNR, including minimizing the electrode impedance and 

noise contributions from the electrode materials and optimizing the electrode size, 

shape, and spacing to ensure optimal electrode-neuron interfacing [139,140]. 

Additionally, electrode configurations, such as multi-site electrodes and high-density 

arrays, can provide spatially distributed recordings to improve the SNR [107]. 

The significance of amplifiers in enhancing the SNR in neural recording 

applications has been well established in the literature. Lee et al. (2017) contributed 

to this field by developing a neural recording amplifier with adaptive configuration 

changes designed to optimize SNR in dynamic environments [85]. To address the 

importance of minimizing noise contributions, Ruiz-Amaya et al. (2010) emphasized 

the use of low-noise amplifiers with high common-mode rejection ratios (CMRR) [141]. 

Additionally, signal conditioning techniques, including filtering, grounding, and 

shielding, have been implemented to further enhance the SNR [142]. In the realm of 

wideband amplifiers, Taghavi et al. (2012) demonstrated the simultaneous 

optimization of SNR and jitter, showing that these parameters can be fine-tuned at the 

expense of the bandwidth [143]. 

II.8.2 Electrode-tissue interface: Impedance matching and 

biofunctionalization 

The electrode-tissue interface is critical for recording electrophysiological 

activity in 3D MEA arrays. Achieving a low-impedance interface between the 
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electrodes and the surrounding tissue is essential for maximizing signal quality and 

minimizing signal distortion [144]. Impedance-matching techniques reduce the 

impedance mismatch between the electrode and tissue, including modifying the 

electrode geometry, using conductive coatings, or incorporating impedance-matching 

elements in the electrode design [106]. 

Another critical aspect of the electrode-tissue interface is the 

biofunctionalization of the electrode surface. Surface modifications with bioactive 

molecules such as adhesion peptides can promote cell attachment, enhance neuronal 

network formation, and improve signal quality. Functionalization can also involve using 

biomimetic coatings or extracellular matrix components to create a more favorable 

environment for cell adhesion and growth [145]. 

II.8.3 Stimulation modalities: Electrical and optogenetic 

In addition to recording electrophysiological activity, 3D MEAs enable the 

stimulation of neuronal networks to investigate their functional properties. Electrical 

and optogenetic stimulation modalities are commonly employed in 3D MEA systems. 

Electrical stimulation involves the application of controlled electrical currents or 

pulses to induce neuronal response. This can be achieved by integrating the 

stimulation electrodes within the array. Electrical stimulation can be used to study 

network connectivity, synaptic plasticity, and the effects of external stimuli on neuronal 

activity [146]. 

Optogenetic stimulation utilizes light-sensitive proteins such as 

channelrhodopsins to modulate neuronal activity with high spatial and temporal 

precision [147]. Light can be delivered to specific regions of a 3D MEA array using 

optically transparent materials or fiber optic systems. Optogenetic stimulation allows 

for precise control over the activation and inhibition of specific neuronal populations, 

offering insights into neural circuitry and behavior. 

II.8.4 Recording modalities: Extracellular and intracellular 

Approaches 

Electrophysiological activities in 3D MEA arrays can involve extracellular or 

intracellular recording modalities depending on the desired spatial and temporal 

resolution levels. Extracellular recordings involve using microelectrodes to measure 

the electrical signals generated by neurons in the extracellular space. This approach 

provides a noninvasive and high-throughput method for simultaneously monitoring 

multiple neurons' spiking activity and network dynamics [117]. Extracellular recordings 

can provide insights into the network behavior and communication patterns within 3D 

neuronal cultures. 

On the other hand, intracellular recordings involve the insertion of 

microelectrodes into individual neurons to measure their membrane potential and 
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intracellular activity directly. Intracellular recordings offer higher-resolution information 

on individual neuron properties, such as membrane potential changes, action 

potentials, and synaptic potentials [148]. However, intracellular recordings are more 

invasive and generally allow simultaneous recording of fewer neurons. 

II.9 Applications of 3D microelectrode  arrays 

II.9.1 Drug screening and toxicity testing 

Recent advances in pharmacology have introduced 3D MEAs as influential 

tools for drug screening and toxicity testing. These arrays facilitate the evaluation of 

drug effects in 3D neuronal cultures, offering more physiologically relevant models 

than traditional 2D cell cultures. By recording electrophysiological activities in 3D MEA 

arrays, researchers can assess the functional responses of neuronal networks to 

various drug treatments and examine changes in network connectivity, synaptic 

transmission, and neuronal excitability in the presence of different drug compounds. 

Moreover, 3D MEA arrays allow long-term monitoring of drug effects, enabling 

the assessment of chronic drug exposure and exploration of drug-induced changes in 

network dynamics over time. These capabilities provide valuable insights into 

pharmaceutical compounds' efficacy, toxicity, and potential side effects. Various 

studies have demonstrated the versatility of 3D MEAs, showcasing developments 

such as thin films, 3D flexible MEA accommodating 256 channels of recording or 

stimulation [25], microfluidic MEA platforms for spatially localized drug delivery and 

electrical recordings of primary neuronal cultures [149], and 3D MEA for recording 

dissociated neuronal cultures [32]. Additionally, the functional characterization of 

human pluripotent stem cell-derived models of the brain with MEAs has indicated their 

potential as valid disease models [150]. 

II.9.2 Disease modeling: Neurodegenerative disorders, 

epilepsy, and brain tumors 

3D MEA arrays have significant applications in disease modeling, particularly in 

the study of neurodegenerative disorders, epilepsy, and brain tumors. By using 

patient-derived cells or genetically modified cells, 3D MEA arrays can replicate the 

pathological features of these diseases and enable the investigation of disease 

mechanisms and evaluation of potential therapeutic interventions. 

In neurodegenerative disorder modeling, such as in Alzheimer's disease or 

Parkinson's disease, recent advances have concentrated on leveraging 3D culture 

systems and MEAs to gain a more profound understanding of disease progression 

and potential treatment options. 3D MEA arrays, in particular, offer a platform for 

analyzing neuronal dysfunction, network disruptions, and the effects of potential 

disease-modifying drugs. These arrays facilitate monitoring disease-related 
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biomarkers, such as aberrant neuronal firing patterns or pathological protein 

aggregates, in a more physiologically relevant context. 

Researchers have explored the advantages of 3D culture systems, including 

cerebral organoids and a 3D human neuron-astrocyte-microglia culture model for 

modeling neurodegenerative diseases, as highlighted by Venkataraman et al. (2022) 

and Park et al. (2018) [151,152]. These models successfully replicated key disease 

features such as beta-amyloid aggregation and neuroinflammatory activity. Krokidis et 

al. (2021) underscored the significance of computational omics approaches in 

identifying disease progression and treatment response biomarkers [153]. Xiao et al. 

(2019) also introduced a novel MEA modified with nanocomposites for real-time 

monitoring of dopamine concentrations and neural spike firing in a rat model of 

Parkinson's disease [107]. This innovation demonstrates the potential of MEAs to 

elucidate disease mechanisms and evaluate treatment effects in the context of 

neurodegenerative disorders. 

For epilepsy research, 3D MEA arrays provide a platform for studying seizure 

generation, propagation, and dynamics in 3D neuronal culture. They offer insights into 

the mechanisms underlying epileptogenesis, seizure initiation, and interictal activity. 

In addition, these arrays can be used to evaluate the efficacy of antiepileptic drugs and 

novel therapeutic approaches. Hsiao et al. (2015) and Dossi et al. (2014) 

demonstrated these arrays' ability to induce and record epileptiform discharges in 

human hippocampal slices, providing a platform for studying seizure generation and 

propagation [154,155]. Hill et al. (2010) demonstrated using MEAs to screen potential 

anticonvulsants in acute rat brain slices, enhancing the depth and quality of the data 

derived from these preparations [156]. Finally, Engel et al. (2001) highlighted the 

potential of invasive in vivo research using microelectrode techniques in patients with 

mesial temporal lobe epilepsy, underscoring the importance of these advanced 

technologies in advancing our understanding of epilepsy [157]. 

In brain tumors, 3D MEA arrays facilitate the investigation of tumor growth and 

invasion and the effects of anticancer therapies [97]. By integrating tumor cells with 

surrounding healthy neuronal networks, these arrays provide a unique opportunity to 

study the interactions between tumor cells and their microenvironment and the impact 

of tumor-related changes on network activity. 

II.9.3 Fundamental neuroscientific research: Network 

dynamics and synaptic plasticity 

3D MEA arrays have revolutionized fundamental neuroscientific research by 

offering unprecedented capabilities for studying network dynamics and synaptic 

plasticity. These arrays provide a means to investigate the complex interactions 

between neurons and emergent properties of neural networks. 
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By recording electrophysiological activity in 3D neuronal cultures, 3D MEA 

arrays enable the analysis of network dynamics, including spontaneous activity, 

synchronization, and oscillatory patterns [6]. These arrays help unravel the underlying 

mechanisms of information processing, neural coding, and the functional connectivity 

of neuronal circuits. 

Moreover, 3D MEA arrays enable the study of synaptic plasticity, which is 

crucial for the learning and memory processes. Long-term potentiation (LTP) and long-

term depression (LTD), the two primary forms of synaptic plasticity, can be 

investigated in 3D neuronal cultures using these arrays [158]. Such investigations 

provide insights into the cellular and molecular mechanisms underlying synaptic 

plasticity and can aid in developing novel therapeutic strategies for neurological 

disorders. 

II.10 Challenges and future directions 

II.10.1 Standardization and reproducibility 

One of the critical challenges in 3D MEAs is the standardization and 

reproducibility of the array fabrication and experimental protocols. As the field 

advances, there is a growing need for standardized procedures and guidelines to 

ensure consistent and reliable results across different research groups and 

institutions. Standardization efforts should focus on key aspects such as array design, 

material selection, electrode configuration, and cell loading methods. Establishing 

standardized protocols for array fabrication, surface functionalization, and cell culture 

techniques will facilitate the comparison and replication of experimental results [159]. 

Reproducibility can be enhanced by sharing data, methodologies, and validated 

protocols within the scientific community. Open-access repositories and collaborative 

platforms can promote transparency and facilitate the exchange of knowledge and 

best practices among researchers [160]. 

II.10.2 Biocompatibility and long-term stability of 3D arrays 

The biocompatibility and long-term stability of 3D MEA arrays are critical for 

their successful implementation in various applications. Biocompatibility refers to the 

compatibility of the array materials and their interactions with the surrounding 

biological environment. Selecting biocompatible materials is crucial to minimize 

adverse effects on cell viability, functionality, and long-term stability. Materials with 

appropriate mechanical properties, low cytotoxicity, and the ability to support neuronal 

growth and maturation are desirable [161]. 

The long-term stability of the arrays is essential to ensure the integrity of the 

recorded signals and to preserve the electrode-tissue interface over extended periods. 

Challenges, such as material degradation, signal drift, and electrode fouling, must be 

addressed. Developing novel materials and surface modifications that enhance long-
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term stability and minimize electrode-tissue interactions are active research areas 

[109]. 

II.10.3 Miniaturization and integration of electronics 

Advancements in miniaturization and integration of electronics are vital for 

enhancing the functionality and portability of 3D MEAs. Miniaturization enables higher 

electrode density and improved spatial and temporal resolution. Integrating electronics 

within the array platform allows for on-chip signal processing, amplification, and 

multiplexing, thus minimizing the need for external components and reducing the 

system's overall footprint. Integrated electronics also facilitates real-time data 

acquisition, on-site data analysis, and closed-loop experiments. 

The challenges in miniaturization and integration include heat dissipation, 

power management, and signal integrity maintenance in densely packed arrays. 

Advances in microfabrication techniques, such as thin-film and flexible electronics, 

could contribute to overcoming these challenges [162]. 

II.10.4 Advance data analysis techniques for high-dimensional 

data 

The increasing complexity and volume of data generated by 3D MEA arrays 

require advanced data analysis techniques to extract meaningful information and 

insights. High-dimensional data obtained from multiple electrodes and time series 

recordings necessitate the development of sophisticated data processing and analysis 

algorithms. 

Machine learning techniques such as dimensionality reduction, clustering, and 

classification algorithms are valuable tools for extracting patterns and features from 

large-scale electrophysiological datasets [163]. These techniques enable the 

identification of network dynamics, neuronal subpopulations, and correlations among 

recorded signals. 

Furthermore, integrating multimodal data, such as electrophysiological 

recordings and imaging data, provides a more comprehensive understanding of 

neuronal activity and network behavior. Co-registration of electrophysiological signals 

with calcium imaging or optogenetic data allows for investigating functional 

connectivity and information flow within 3D neuronal cultures [164]. 

II.10.5 Multi-modal recording approaches: simultaneous 

electrophysiology and imaging 

Simultaneous recording of electrophysiological activity and imaging data is an 

emerging approach that offers a more comprehensive view of neuronal function and 

network dynamics. Combining 3D MEA arrays with imaging modalities, such as 
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calcium imaging or voltage-sensitive dyes, enables simultaneous capture of neuronal 

electrical activity and cellular imaging. 

Simultaneous electrophysiology and imaging provide complementary 

information about network activity, cell types, and spatiotemporal dynamics. They 

allow the investigation of the relationship between neuronal electrical signals and 

calcium transients, enabling the study of cellular excitability, synaptic transmission, 

and network synchronization [116]. 

Integrating multi-modal approaches faces challenges in terms of data 

synchronization, compatibility of recording systems, and the need for advanced data 

fusion and analysis techniques. However, the synergy between electrophysiology and 

imaging holds great promise in understanding the complex dynamics of 3D neuronal 

cultures. 

 

  



41 

 
Chapter III: Platform design and methodology 

 

III.1 Design concept 

The concept and design philosophy is motivated by the need for an innovative 

technological platform capable of manufacturing a diverse spectrum of microelectrode 

arrays (MEAs), ranging from planar to three-dimensional (3D) configurations (refer to 

Figure III-1). With a strategic emphasis on enhancing cost-effectiveness and 

customization, the platform employs a bottom-up approach for fabricating 3D MEA 

devices. The platform establishes the initial planar architecture, leveraging the merits 

of conventional photolithography-based micromachining and exploiting the precision 

and scalability inherent in the photolithography process. Notably, to transition from 

planar to 3D structures, a pioneering template-assisted electrodeposition process for 

3D electrode fabrication was conceived.  

 

   
Figure III - 2. Schematic representation of different types of MEAs interacting with 3D neuronal 
constructs: (a) Planar MEA, (b) Protruding tip-based 3D MEA, (c) constant electrode height 3D 
MEA, and (d) Variable electrode height 3D MEA. 

 The rationale behind choosing electrodeposition as the preferred method is its 

capability to introduce substantial surface roughness, effectively addressing the 

interface rigidity concerns associated with conventional metal electrodes 

manufactured using Physical Vapor Deposition (PVD) techniques [165]. Furthermore, 

a bespoke circuitry system is introduced to ensure electrode selectivity during the 

electrodeposition process, affording meticulous control over the deposition thickness 

or height of the electrodes. The synergy of these three fabrication approaches unfolds 
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a myriad of MEA types, including planar MEAs (refer to Figure III-1a), protruding-tip-

based 3D MEAs (refer to Figure III-1b), constant electrode height 3D MEAs (refer to 

Figure III-1c), and variable electrode height MEAs (refer to Figure III-1d). This 

comprehensive and integrated approach to MEA fabrication is the cornerstone for 

subsequent discussions on each fabrication process's specific methodologies and 

outcomes. 

III.1.1 Definition of device architecture 

Photolithography emerges as the cornerstone of the platform's design, forming 

the initial and crucial step in fabricating 3D MEAs. Precision at the microscale is a 

paramount characteristic of photolithography. The method relies on light exposure 

through a photomask to transfer intricate patterns onto a substrate, ensuring high 

accuracy and resolution at the micro-level. This precision is especially crucial in MEAs, 

where electrode dimensions and placements are paramount for effective neural 

interfacing. 

Scalability is another crucial attribute of photolithography. The technique is 

inherently suited for large-scale production, allowing for the consistent replication of 

intricate patterns across numerous devices. In 3D MEA fabrication, scalability is vital 

for generating batches of devices with consistent and reproducible features, facilitating 

research and potential commercial applications. 

Compatibility with various materials is a noteworthy advantage offered by 

photolithography. Photolithography is versatile in its applicability to a wide range of 

substrate materials. This versatility is critical in developing 3D MEAs, where the choice 

of materials can impact biocompatibility, electrical properties, and overall device 

performance. 

III.1.2 Planar to 3D transformation approach 

The transformation of the MEA from a two-dimensional planar structure to a 

three-dimensional configuration is a critical facet of its design philosophy, focusing on 

advancing MEAs. At the heart of this transformation is a template-assisted 

electrodeposition process tailored explicitly for fabricating intricate three-dimensional 

electrodes. The process involves the controlled deposition of metal ions onto a 

substrate, guided by a template that shapes the final structure. 

Electrodeposition is a rational choice for neural interfaces due to its ability to 

increase surface roughness, a critical factor in mitigating rigidity issues associated with 

metal electrodes [166]. This method allows for the tailoring of surface properties, 

making it a versatile option for various applications [167]. The importance of surface 

roughness in creating a conducive interface for neural communication is further 

emphasized by the need for microtechnology fabrication in achieving selective 

electrical interfacing with the nervous system [168]. The potential of electrodeposition 



43 

is also highlighted in the development of high surface area platinum electrodes, which 

show enhanced performance in chronic neural stimulation [169].  

Electrodeposition offers several advantages over PVD methods in the 

development of 3D MEAs. It is cost-effective, scalable, and repeatable, making it a 

suitable technique for precisely fabricating nanoelectrodes [170]. Electrodeposition's 

high deposition rate, resolution, and shape fidelity further enhance its applicability in 

microsystems. Electrodeposition can produce high-quality materials for electronic 

devices, including MEAs, at a lower cost and over a larger area than PVD methods 

[171]. These features make electrodeposition a favorable choice for the development 

of 3D MEAs. 

III.1.3 Approach towards electrode selectivity and array 

customization 

Precision in electrodeposition is indispensable for achieving the intended 

topographical variations in the electrode height, which, in turn, directly influences the 

functionality and performance of the MEAs. In the context of the overarching design 

philosophy, where control and customization are paramount, developing custom 

circuitry emerges as a strategic and innovative solution to enhance the precision of 

the 3D features inherent in MEAs. 

A custom circuitry system is conceptualized and designed to operate in tandem 

with the electrodeposition process, where metal ions are selectively deposited onto a 

substrate guided by a template. The primary goal is to impart a high degree of 

selectivity, allowing to exert meticulous control over the growth of the 3D electrodes. 

This level of precision is instrumental in achieving a diverse range of heights for the 

electrodes, contributing to the adaptability and versatility of the fabricated MEAs. 

The bespoke circuitry system is a testament to the commitment to tailoring the 

platform to meet specific experimental requirements and pushing the boundaries of 

customization in microelectrode array fabrication. Furthermore, the design philosophy 

underscores the need for adaptability in the fabrication process, accommodating a 

spectrum of MEAs ranging from planar to 3D. The custom circuitry becomes a linchpin 

in achieving this adaptability, allowing the controlled deposition of materials to form 

intricate 3D structures. This adaptability is crucial for addressing the diverse 

requirements of different experimental setups and research objectives. 

III.2 Methodology 

The primary consideration for developing MEAs is the compatibility of MEAs 

with the widely used existing in vitro readout platforms such as MEA2100-Systems 

(Multi Channel Systems MCS Gmb). These readout platforms can handle 

microelectrode arrays with 60, 120, or 256 electrodes/channels. Considering this, a 

60-channel planar MEA is designed. The commercially available MEAs also inspired 

the electrode dimensions and pitch. The layout of electrodes in the array is customized 
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to optimize the distribution and trace routing, which will be discussed further in the 

following chapters. 

III.2.1 Device layout 

To evaluate the potential of the platform to develop customizable 3D MEAs, a 

standard 60-channel MEA layout was chosen. The standard layout consists of 60 

circular electrodes in the center of a square chip traced to the contact/readout pads 

arranged on the periphery of the MEA chip via internal routing, as shown in the 

unshaded region in Figure III - 2. Further, a custom circuit is introduced in the layout 

to support electrodeposition, as shown in the red-shaded region in Figure III - 2. This 

circuit is placed outside the periphery (shown as a dashed black line in Figure III - 2) 

of the actual MEA chip layout to discard the circuitry easily upon realizing the desired 

MEA. 

 

 
Figure III - 2. Schematic representation of MEA device layout with customized external circuitry. 

III.2.2 Development of planar device architecture 

Based on the platform design, a photolithography-based microfabrication 

process for developing the planar device architecture is defined. The substrate 

material selected is a double-polished borosilicate glass wafer, 600 µm thick, chosen 

for its high optical transparency and biocompatibility. Gold is selected as the material 

for the electrode layout in MEAs due to its biocompatibility, low impedance, and 

stability. Silicon dioxide (SiO2) is the commonly chosen passivation layer for MEAs 

due to its biocompatibility, electrical insulation capability, and stability in physiological 
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environments. It provides a protective barrier for the underlying conducting tracks and 

microelectronic structures crucial for electrophysiological investigations.  

To fabricate planar MEA devices, the glass wafers are cleaned for 20 seconds 

in a buffered hydrofluoric acid (HF) solution bath to ensure the cleanliness of the wafer 

surface. Subsequently, the glass wafer is rinsed using DI water and dried in a 

controlled environment (refer to Figure III-3a). A 10 nm thick chrome (Cr) layer is 

deposited on the clean glass wafer using an ultra-low vacuum thermal evaporator, 

followed by the deposition of a 200 nm thick gold (Au) layer (refer to Figure III-3b). The 

chrome layer acts as an intermediate layer to promote adhesion between the glass 

wafer and the gold layer. The Cr/Au-coated glass wafer is then primed with a 

Hexamethyldisilazane (HMDS) layer at 150 ˚C, an essential process step promoting 

uniform coating of the photoresist over the wafer. The primed wafer then undergoes 

the spin coating of a 2-µm thick colored positive-tone photoresist over the metallic 

layer (refer to Figure III-3c). The resist-coated wafer is subjected to a soft-bake at 100 

˚C for 1 min to evaporate excess solvent from the layer of the photoresist and prepare 

the wafer for patterning. 

The photoresist-coated wafer is exposed to UV radiation through a bright field 

mask, consisting of a positive image layout of the device architecture using an i-line 

mask aligner (KARL SÜSS MA6) (refer to Figure III-3d). This step transfers a positive 

pattern image on the photoresist by dissolving the UV-exposed region of the 

photoresist. The exposed photoresist is then developed using a generic developer 

solution, generating a positive image photoresist mask on the metal layers (refer to 

Figure III-3e). A multi-step wet chemical etching process transforms the pattern from 

the photoresist to the metal layers. Initially, the exposed gold layer is etched by placing 

the wafer inside an aqua regia solution bath for a few seconds while shaking the bath 

gently. Upon successfully etching the Au layer, the wafer is placed in a chrome etch 

bath and shaken gently until the chrome is etched completely. The wafer is rinsed 

thoroughly upon etching the Cr/Au layer to remove any residual etching solution. 

Finally, the wafer is subjected to a resist strip process to remove the photoresist mask 

by placing the wafer in an acetone bath. Upon stripping the photoresist mask, a glass 

wafer consisting of the planar device architecture is realized refer to Figure III-3f). 
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Figure III - 3. Schematic representation of process flow for the fabrication of planar device 
architecture. (a) Substrate, (b) Cr/Au layer deposited thermally over the substrate. (c) Application 
of photoresist over the Cr/Au layer. (d) A bright-field photolithography mask is aligned over the 
wafer stack to pattern the photoresist through UV radiation. (e) Patterned photoresist. (f) 
Photoresist pattern transferred to the Cr/Au layer through wet chemical etching. (g) Deposition of 
a passivation layer over the patterned substrate. (h) Photoresist layer coated over the passivated 
substrate stack. (i) A dark-field photolithography mask aligned over the substrate stack to pattern 
the photoresist. (j) Patterned photoresist. (k) Photoresist pattern transferred to the passivation 
layer through reactive ion etching, yielding partially passivated planar device architecture.  

To transform the planar device into a 3D MEA, the partial passivation of the 

planar architecture plays an essential role. A few hundred nanometers thick silicon 

dioxide layer is deposited over the planar architecture of the wafer (refer to Figure III-

3g). Further, the passivated wafer undergoes an HMDS priming step, followed by 

coating a colored photoresist, as described earlier (refer to Figure III-3h). The 

photoresist-coated wafer is subjected to a soft-bake step to remove any excess 

solvent from the resist layer. The wafer is then subjected to the second exposure to 

UV radiation through a dark field mask, consisting of a layout for unmasking the 
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electrodes and the contact pads from the passivation layer using an i-line mask aligner 

(KARL SÜSS MA6) (refer to Figure III-3i). This step transfers a positive pattern image 

on the photoresist by dissolving the UV-exposed region of the photoresist. The 

exposed photoresist is then developed using a generic developer solution, generating 

a positive image photoresist mask on the passivation layer (refer to Figure III-3j). The 

photoresist mask is then subjected to a resist hardening step by baking the photoresist 

mask in an oven at 120 ˚C for 1 hour to create a resist hard mask over the passivation 

layer. The exposed passivation layer is subjected to reactive ion etching using a 

plasma etching tool (AW-903ER Plasma Etch RIE, Allwin21 Corp.). Upon completion 

of the SiO2 etching, the resist hard mask is stripped away using an acetone bath, 

leaving behind a partially passivated planar MEA architecture (refer to Figure III-3k). 

III.2.3 Development of the template  

To transform planar MEA into 3D counterparts, a thick photoresist-based 

template is fabricated over the partially passivated MEA (refer to Figure III-4a). For the 

development of this template, a thick chemically amplified negative photoresist, 

specifically KMPR-1035 from Kayaku Advanced Materials, Inc, is selected due to its 

compatibility with cleanroom processes. 

 

 
Figure III - 4. Schematic representation of template development process. (a) Partially 
passivated planar MEA substrate. (b) A negative tone photoresist coated over the MEA substrate. 
(c) A bright-field photolithography mask aligned over the substrate stack to pattern the photoresist 
through UV radiation. (d) Planar MEA consisting of the photoresist template. 
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Initially, the wafer containing planar MEAs undergoes a coating process with a 

thick layer of KMPR photoresist (refer to Figure III-4b). A 30-minute soft-bake 

succeeds this at 100 °C to ensure proper adhesion and stability of the photoresist 

layer. Subsequently, the photoresist layer is exposed to UV light through a bright-field 

mask, facilitated by an i-line mask aligner setup (refer to Figure III-4c). The exposure 

to UV radiation initiates a cross-linking process, solidifying the photoresist. To 

complete the curing process, a post-exposure bake is executed at 100 °C for 6 

minutes, ensuring the comprehensive curing of the exposed area of the photoresist. 

Following this, the unexposed region of the photoresist is developed using the SU-8 

developer solution for 20 minutes, aided by a shaker plate and mild agitation. This 

meticulous process creates a template featuring cylindrical holes atop the exposed 

planar electrodes (refer to Figure III-4d). 

III.2.4 Selective electrodeposition mechanism 

The custom circuitry, seamlessly integrated along the periphery of the planar 

Microelectrode Array (MEA) architecture, facilitates the electrode selectivity during 

electrodeposition. This circuitry serves the purpose of dividing the planar electrodes 

into distinct groups through contact pads. These electrode groups denoted as G1, G2, 

and G3, are then individually connected to a common working electrode (W.E.) to 

support the electrodeposition process. Multiple strategies exist for grouping the 

electrodes, each presenting unique advantages and disadvantages, and these 

methodologies are explained in the subsequent chapters. Before initiating the 

electrodeposition process, a crucial step involves subjecting the planar MEA and the 

photoresist template to an oxygen plasma treatment. This treatment enhances the 

wettability of the template. 

Figure III-5 schematically illustrates the concept of the selective 

electrodeposition mechanism, where the custom circuit is visually depicted by a 

colored solid trace line connected to a working electrode (W.E.) (refer to Figure III-5a). 

In the initial stage of the electrodeposition process, all electrode groups (G1, G2, and 

G3) are concurrently linked to the common working electrode. This connection is 

maintained throughout the electrodeposition process by applying current through the 

common working electrode facilitated by a galvanostat. The MEA undergoes template-

assisted electrodeposition until the desired thickness/height of the first group of 

electrodes is achieved (refer to Figure III-5b). 

Before transitioning to the second stage of electrodeposition, the G1 electrodes 

are deliberately disconnected (indicated by a red cross in Figure III-5c) from the 

working electrode. Subsequently, the remaining electrodes undergo electrodeposition 

until reaching the desired height for the second group of electrodes (refer to Figure III-

5c). The final stage involves disconnecting the second group (G2) electrodes from the 

working electrode (indicated by a red cross in Figure III-5d), allowing the remaining 
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electrodes to undergo electrodeposition until achieving the desired height of G3 

electrodes (refer to Figure III-5d). 

 

 

 
Figure III - 5. Schematic representation of selective electrodeposition mechanism. (a) Planar 
MEA substrate with a photoresist template and custom external circuitry dividing the planar 
electrodes into three groups denoted by G1, G2, and G3. (b) Stage-I electrodeposition: All three 
electrode groups subjected to electrodeposition through the common working electrode(W.E.). 
(c) Stage-II electrodeposition: G1 electrodes disconnected from the working electrode, and the 
remaining electrodes (G2 and G3) are subjected to electrodeposition. (d) Stage-III 
electrodeposition: G2 electrodes disconnected from the working electrode, and the remaining 
electrodes (G3) are subjected to electrodeposition. (e) Variable electrode height 3D MEA upon 
removal of photoresist template. (f) Final 3D MEA realized upon removal of the external circuitry 
via dicing. 

Upon the completion of the electrodeposition process, the photoresist template 

is removed using a PG-Remover strip solution, resulting in the realization of the 3D 

MEA (refer to Figure III-5e). To remove the custom circuitry from the MEA, the 3D 

MEA device is precisely diced along the scribe line (indicated by a dashed black line 

in Figure III-2). This dicing process yields an MEA featuring multiple individual 

channels and microelectrodes of varying heights (refer to Figure III-5f). 
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III.2.5 Partial passivation of the 3D electrodes 

To enable the 3D electrodes to target specific regions of the cell culture, a 

partial/sidewall passivation of the 3D microstructures plays a crucial role. Parylene-C 

is a promising material for 3D microelectrode arrays for this application due to its 

conformal coating abilities, chemical resistance, and biocompatibility [172]. It has been 

used as an encapsulation material for medical implants, demonstrating its potential for 

biocompatible applications. The material's chemical inertness and mechanical 

strength make it suitable for use in wet environments. 

 

 
Figure III - 6. Schematic representation of partial passivation of the 3D electrodes. (a) 3D MEA 
with fully exposed 3D electrodes. (b) Deposition of Parylene C passivation layer. (c) Selective 
removal of Parylene C from the horizontal surface via reactive ion etching. 

The varying height 3D MEA (refer to Figure III-6a) is initially treated with a short 

oxygen plasma treatment to clean and activate the MEA surface. A few micron thick 

Parylene C layer is then deposited on the MEA using a low-pressure chemical vapor 

deposition (LP-CVD) technique (refer to Figure III-6b). After the deposition, the 

Parylene C layer is removed selectively using an anisotropic oxygen plasma etching 

technique. The process results in the complete removal of Parylene C from the lateral 
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surface while etching less than 50 % from the vertical surface, yielding sidewall 

passivated 3D microelectrodes exposed from the top (refer to Figure III-6c). 

III.2.6 Device integration and packaging 

A meticulous device packaging strategy complements the finalization of the 

Microelectrode Array (MEA) fabrication process. After the sidewall passivation 

process, the individual MEA chips are delicately separated along the scribe lines. For 

integration into the MEA2100 readout system, a custom Printed Circuit Board (PCB) 

compatible with the readout adaptor is crafted with precision. The MEA chips find their 

secured position on the PCB using a minute quantity of epoxy glue, ensuring stability 

and alignment. Gold wire bonding is employed to connect the contact pads on the 

MEA chip to the corresponding routing on the PCB to establish electrical connectivity 

(refer to Figure III-7a). A layer of epoxy resin shields this intricate wiring, strategically 

applied to prevent any potential short-circuiting. Further, a glass ring is bonded to the 

PCB, incircling the 3D MEA to accommodate cell culture well (refer to Figure III-7b). 

 

 
Figure III - 7. Schematic representation of device packaging. (a) 3D MEA chip mounted on a 
customized printed-circuit board (PCB) and interconnected using gold wire bonds. (b) A glass 
containment ring bonded to the PCB confining the 3D MEA chip and wire bonds. (c) A PDMS 
ring mounted on the 3D MEA chip to define the cell culture area. (d) Fully package device 
consisting of well defined and isolated cell culture area. 

Considering the necessity of an isolated environment for cell culture, a 

Polydimethylsiloxane (PDMS) ring is fixed on the 3D MEA chip (refer to Figure III-7c). 

This ring serves as a containment well on the MEA chip. The gap between the PDMS 

ring and the glass ring is filled by pouring liquid PDMS (solvent + curing agent). The 
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liquid PDMS is finally cured to yield a fully integrated 3D MEA with a cell-culture well 

(refer to Figure III-7d). 

This configuration, illustrated in Figure III-7, provides structural support and 

delineates the boundary for subsequent cell culture procedures. The amalgamation of 

these packaging components ensures the robustness, functionality, and suitability of 

the MEA device for its intended applications.  

III.3 Device characterization: Tools and techniques 

III.3.1 Optical profilometry 

Utilizing a 3D optical profilometer, specifically the Zygo NewView™ 6000, has 

been instrumental in advancing the methodologies employed in this study. This optical 

profilometer stands as a sophisticated instrument for capturing intricate height and 

surface data, leveraging the capabilities of Scanning White Light Interferometry. Its 

application in this research has proven invaluable, offering a fast and non-contact 

means for obtaining precise 3D measurements. This technology has played a pivotal 

role in monitoring the heights of 3D electrodes at critical stages of the fabrication 

process, ensuring meticulous control and validation of the developed structures. The 

optical profilometer has also been pivotal in conducting comprehensive template 

shape analyses, contributing to a nuanced understanding of the fabricated structures. 

The efficiency and precision afforded by this tool have significantly enhanced the 

quality of data acquisition, allowing for a more thorough and accurate investigation into 

the intricacies of the template-assisted electrodeposition process and the resultant 

microelectrode array configurations. 

III.3.2 Scanning electron microscopy 

Scanning Electron Microscopy (SEM) has emerged as an indispensable tool 

throughout this study, playing a pivotal role in elucidating intricate details essential for 

advancing Microelectrode Array (MEA) technology. SEM has proven instrumental in 

providing high-resolution images of the fabricated MEA chips, enabling a 

comprehensive inspection of the surface morphology and structural integrity at the 

micro and nanoscales. The capability of SEM to delve into the intricate features of the 

electrode surfaces, sidewall passivation, and the template-assisted electrodeposition 

process has been particularly invaluable. This microscopic scrutiny has facilitated a 

meticulous evaluation of the effectiveness of various fabrication techniques and 

allowed for the identification and rectification of potential irregularities. SEM imaging 

has, therefore, been integral in ensuring the precision and reliability of the developed 

MEA devices. 
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III.3.3 Electrode resistance measurements 

The Keithley Series 2400 Sourcemeter has played a crucial role in this study, 

particularly in the precise measurement of the resistance of 3D electrodes. This 

sophisticated instrument from Keithley Instruments is a powerful tool for sourcing and 

measuring electrical signals with high precision. Its versatility and accuracy make it 

essential to characterizing fabricated 3D microelectrode arrays (MEAs). The 

Sourcemeter's capability to provide controlled voltage and measure resulting currents 

has been instrumental in assessing the resistance properties of the intricate 3D 

electrode configurations.  

III.3.4 Electrode impedance characterization 

The HP4192 LF Impedance Analyzer has proven indispensable in this study, 

serving as a critical tool for thoroughly characterizing 3D microelectrode arrays 

(MEAs). This sophisticated instrument, part of the HP Precision LCR Meter series, 

specializes in low-frequency impedance analysis, providing invaluable insights into the 

electrical properties of the fabricated 3D MEAs. The analyzer's capacity to measure 

impedance over a range of frequencies is particularly advantageous for understanding 

the electrochemical behavior of intricate 3D electrode structures. Its precision and 

sensitivity make it well-suited for capturing subtle variations in impedance that are 

crucial for evaluating the performance of the MEAs. The HP4192's ability to discern 

changes in impedance at low frequencies aligns with the requirements of this study, 

offering detailed information on the electrical characteristics of the developed MEAs. 

The instrument's contribution extends beyond basic impedance measurements; it 

plays a pivotal role in elucidating the nuanced electrical responses of the 3D MEAs, 

thereby enhancing the overall comprehension of their behavior and functionality in 

neuroscientific applications.  

III.3.5 Device performance validation 

The MEA 2100 System (MEA 2100-System, MCS) has played a pivotal role in 

this study by being an indispensable tool for performing electrode background noise 

measurements and recording electrophysiological activity. Engineered by Multi 

Channel Systems (MCS), this advanced electrophysiology platform has demonstrated 

unparalleled efficacy in capturing and analyzing neural signals with high precision. Its 

significance lies in its ability to conduct meticulous electrode background noise 

measurements, providing crucial insights into the baseline noise characteristics 

associated with the fabricated 3D microelectrode arrays (MEAs). This capability is 

essential for assessing the signal-to-noise ratio, a critical metric in electrophysiological 

studies, ensuring the reliability and clarity of recorded neuronal signals. Moreover, the 

MEA 2100 System excels in recording electrophysiological activity, enabling the 
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comprehensive examination of neuronal responses and network dynamics. Its 

sophisticated data acquisition and signal processing features have facilitated detailed 

investigations into the performance of the 3D MEAs under various experimental 

conditions. The reliability and versatility of the MEA 2100 System have thus 

contributed significantly to the success of this study, providing a robust platform for 

acquiring and interpreting electrophysiological data from the developed 3D MEAs. 
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Chapter IV: Platform validation through the 
development of multi-level 3D MEAs 

 

Part of this chapter has been published in: 

 

Neeraj Yadav, Leandro Lorenzelli, and Flavio Giacomozzi, 

"A Novel Additive Manufacturing Approach towards Fabrication of Multi-Level Three-

Dimensional Microelectrode Array for Electrophysiological Investigations", 

Proceedings of the 2021 23rd European Microelectronics and Packaging Conference & 

Exhibition (EMPC), Gothenburg, Sweden, 13–16 September 2021; IEEE: Piscataway, NJ, USA, 

2021; pp. 1–5. 

IV.1 Introduction 

Chapter 4 represents a pivotal phase in our exploration, transitioning from 

conceptualization to concrete realization. Following the blueprint laid out in Chapter 3, 

this chapter seeks to test the efficacy of the proposed platform by translating 

theoretical frameworks into practical applications. The primary objective is to establish 

a proof of concept that validates the conceptualized platform and propels it into 

tangible technological advancement. 

A robust 60-channel MEA layout is engineered and intricately intertwined with 

custom external circuitry to substantiate the conceptualized platform. This intentional 

design choice aims to generate a device compatible with existing readout platforms. 

The 60-channel MEA layout becomes the foundation for developing a 3D MEA 

structure, where electrodes extend across three distinct height levels. This strategic 

design is motivated by the pursuit of capturing neural activity across multiple spatial 

dimensions, an essential factor in decoding the complexity of neural networks. 

In the subsequent sections, we embark on a detailed journey through the 

developmental process. From the adaptation of the 60-channel MEA layout to 

accommodate multi-level features to the nuanced electrodeposition processes, every 

step is a testament to the precision and innovation required to usher in a new era of 

neural interface technologies. The platform's validation extends beyond fabrication, 

encompassing a comprehensive topographical characterization process, which will be 

unveiled in subsequent sections. 

IV.2 Design and layout 

In the pursuit of optimizing functionality and practicality, the design and layout 

of the devised MEAs stand as a testament to meticulous planning and innovative 

engineering. Beyond ensuring device compatibility with existing readout platforms, the 

orchestration of a seamless batch-processing system has emerged as a cornerstone 

of our design philosophy. This aspect not only simplifies the manufacturing procedures 

but also enhances the scalability of the complete production process. The design 
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consists of three mask layers. The first mask (M1) defines the planar device 

architecture in a metal layer on the wafer. The second mask (M2) defines the windows 

in the passivation layer over the metal electrodes and other regions of interest. Finally, 

the third mask (M3) defines the photoresist template for the electrodeposition of the 

3D electrodes.  

IV.2.1 MEA batch layout  

Examining the batch layout unveils a meticulously designed arrangement 

consisting of eight 60-channel Microelectrode Arrays (MEAs). This setup is skillfully 

accompanied by external circuitry, interconnected with precision through a single 

trace. The integration of these components serves a two-fold objective: firstly, to 

optimize the spatial utilization of the wafer, and secondly, to leverage the combined 

capabilities of the external circuitry, converging towards a shared working electrode 

during the intricate process of electrodeposition. 

 

 
Figure IV - 3. MEA batch layout illustrating a batch of eight planar MEA devices connected to a 
single working electrode. 

Along with the device compatibility with the existing readout platforms, the batch 

processing of devices has been a key design consideration. At the wafer scale, the 

layout consists of eight 60-channel MEAs with external circuitry connected to a single 

trace intended to act as a common working electrode during electrodeposition (refer 

to Figure IV-4). The use of the minimum photolithography mask iterations to define the 

device architecture in metal layers has been another key design consideration, as 

every iteration in lithography masks significantly increases the fabrication cost. The 

current layout consists of a single lithography mask to define the device's planar 

architecture. 
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IV.2.2 Individual device layout  

IV.2.2.1 Mask 1: Device architecture layout 

The first mask, designated as M1, outlines the planar device architecture to be 

etched into a metal layer on the wafer. This bright-field photolithography mask adopts 

a positive image of the layout, meaning that the pattern image on the mask is 

transferred onto the photoresist. Each device layout spans a 15 x 15 mm2 area, 

featuring a central 60-channel Microelectrode Array (MEA) layout within a 10 x 10 mm2 

space. Additionally, custom circuitry is seamlessly integrated along the periphery of 

the MEA layout (refer to Figure IV-2). 

Within the MEA layout are 60 circular electrodes, each with a diameter of 70 

µm. These electrodes are strategically arranged in a hexagonal array with a pitch of 

265 µm. The hexagonal array pattern is deliberately chosen to enhance the spacing 

between traces connecting the electrodes to the contact pads at the MEA layout's 

periphery. The contact pads, each measuring 220 µm x 220 µm, are positioned inside 

the scribe/dicing line, facilitating the integration process with the PCB during the device 

packaging phase.   

 

 
Figure IV - 2. The individual device architecture layout is defined through the photolithography 
mask M1. 

IV.2.2.2 Mask 2: Device passivation layout 

The second mask, denoted as M2, delineates the configuration for establishing 

the passivation layer on the planar device architecture. This photolithography mask 

adopts a dark-field polarity, signifying that the layout is transparent in the reticle. It 
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encompasses a negative representation of the intended layout to be etched onto the 

photoresist. Specifically, the mask incorporates 65 µm circular patterns precisely 

positioned over the metal electrodes (refer to Figure IV-3). This placement serves the 

purpose of removing the passivation layer for the electrode pads and defining the 

active region of the electrodes. Furthermore, the mask integrates 200 µm square 

windows aligned over the contact pads, strategically exposing the metal through the 

passivation layer.  

 

 
Figure IV - 3. Overlay of the M2 layout on top of the M1 layout. 

 

Figure IV – 3 presents the overlay of the second mask (M2) layout, defined in 

green, on top of the M1 layout, defined in blue.  

IV.2.2.3 Mask 3: Photoresist template layout 

The third mask, referred to as M3, delineates the arrangement for creating the 

template supporting electrodeposition over the planar electrodes. This 

photolithography mask employs a bright-field polarity, indicating that the layout 

appears dark in the reticle. The bright-field nature of the mask aligns with the selected 

negative-tone development resist used for the template's formation. In this context, the 

negative-tone resist reacts to UV radiation by undergoing crosslinking, preserving itself 

on the substrate. Consequently, the photoresist captures a negative reproduction of 

the layout depicted on the mask. 

M3 incorporates circular pads positioned in alignment with the planar electrodes 

specified in M1 (refer to Figure IV-4). These elements are designed to generate the 

cylindrical template essential for the electrodeposition process of 3D electrodes. 

Additionally, M3 includes a design for the external circuitry's manipulation, facilitating 
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the creation of multi-level 3D MEAs by exposing the circuit bonding sites within the 

external circuitry.   

 

 
Figure IV - 4. Overlay of the M3 layout on top of the M1 layout. 

 

           Figure IV – 4 presents the overlay of the third mask (M3) layout, defined in red,  

on top of the M1 layout, defined in blue. 

IV.3 Custom circuitry for selective electrodeposition: 

Layout and operation  

IV.3.1 Circuit layout 

The circuitry for selective electrodeposition is designed along the periphery of 

the primary MEA layout defined inside the scribe/dicing line. A dashed scribe line is 

adapted to facilitate traces connecting contact pads to the external circuitry. The 

external circuitry divides the 60 planar electrodes into three groups distributed 

uniformly in the array (refer to Figure IV-5). The electrodes which are not connected 

to the external circuitry are represented as Group 1 electrodes. The Group 1 

electrodes are presented in blue color in the layout (refer to Figure IV-5); these 

electrodes are intended not to undergo electrodeposition and remain planar. 

The external circuitry for selective electrodeposition is divided into a primary 

and secondary circuit. The primary circuit remains permanently connected to the 

working electrode and can only be removed through wafer dicing upon completion of 

the electrodeposition process. On the other hand, the secondary circuitry is designed 

to switch on demand and is an essential development to achieve selective 

electrodeposition while using a single photolithography mask to define the device 
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architecture. The secondary circuit is designed in multiple parts featuring pads for wire 

bonding to complete the circuit. 

 

 
Figure IV - 5. Layout of custom circuitry for selective electrodeposition dividing the 

electrodes into separate groups.      

 

Figure IV-5 represents the layout of the custom circuitry designed to support 

selective electrodeposition. The layout is color-coded to represent the association of 

the electrodes to the external circuitry. The blue color represents the Group 1 

electrodes, which are designed to remain separate from the external circuit. The Group 

2 electrodes are represented by green color and are directly associated with the 

secondary circuit. The secondary circuit can be connected or disconnected from the 

working electrode through the secondary circuit switching pads. The electrodes 

presented in red color are the Group 3 electrodes and are associated with the primary 

circuit. The primary circuit is permanently connected to the working electrode. 

IV.3.2 Circuit operation for selective electrodeposition 

The external circuitry is developed to allow for a two-stage electrodeposition 

process by manipulating the secondary circuit. For the first stage of the 

electrodeposition, the secondary circuit is completed using gold wire bonds, and the 

circuit is activated by connecting the secondary circuit with the primary circuit using 

wire bonding through the secondary circuit switching pads (refer to Figure IV-6a). This 

circuit configuration integrates the primary and the secondary circuit, allowing for 

simultaneous electrodeposition of Group 2 and Group 3 electrodes. This configuration 

obtains the second level (Level II) electrode.  
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Figure IV - 6. Layout describing the various operational modes of the external circuitry. 

(a) Circuit layout for Stage I electrodeposition. (b) Circuit layout for Stage II 

electrodeposition.      

 

The secondary circuit is shorted with the primary circuit to initiate the first stage 

of the electrodeposition process, where Group 2 and Group 3 electrodes are subjected 

to the electrodeposition simultaneously (refer to Figure IV-6a). For the second stage 

of electrodeposition, the secondary circuit is disconnected from the primary circuit by 

removing the secondary circuit switching bond (refer to Figure IV-6b). This circuit 

configuration disconnects the Group 2 electrodes from the working electrode, allowing 

for further electrodeposition of Group 3 electrodes. The Stage II electrodeposition 

results in the development of third-level (Level III) electrodes.  

IV.4 Development of multi-level 3D MEA  

IV.4.1 Fabrication of planar device architecture 

A batch of 8 planar gold MEAs (refer to layout described in Figure IV-5), each 

MEA consisting of 60 planar electrodes with a diameter and pitch of 70 µm and 265 

µm, respectively, is fabricated on a glass substrate utilizing a standard lithography 

procedure (refer to Figure III-3a-f). Initially, a clean glass substrate underwent a 20 nm 

chromium layer deposition, succeeded by a 100 nm gold layer. Subsequently, to 

actualize the Microelectrode Array (MEA) layout, the gold-coated substrate is coated 

with a positive tone photoresist, followed by exposure to Ultraviolet (UV) radiation 

through mask M1 using the MA6 mask aligner by Karl Suss. Following exposure, a 

standard recipe is employed for development, resulting in a positive rendition of the 

layout pattern on the photoresist. Next, a gold and chromium etch process transfers 

the pattern into the Cr/Au layer, thereby realizing a planar MEA configuration. To 
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provide passivation for the MEA chip, a 200 nm silicon dioxide film is grown utilizing 

Plasma-Enhanced Chemical Vapor Deposition (PECVD). 

Furthermore, the wafer undergoes a second photolithography process to define 

the passivation layer (refer to Figure III-3g-k). The second mask (M2) is utilized to 

define the layout of the photoresist coating over the passivation layer. The pattern 

transfer from the photoresist to the passivation layer is carried out using a reactive ion 

etch. Finally, the photoresist is stripped away to realize partially passivated planar 

MEAs as described earlier in the layout. 

IV.4.2 Development of photoresist template 

 The photoresist template is developed using the protocol described in the 

methodology section of Chapter III (refer to Figure III-4). The wafer containing planar 

MEAs is subjected to a coating process involving an 80 µm thick layer of KMPR 

photoresist. A 30-minute soft-bake at 100 °C follows this to ensure optimal adhesion 

and stability of the photoresist layer. Subsequently, the photoresist layer undergoes 

exposure to UV light through a bright-field mask (M3), facilitated by an i-line mask 

aligner setup. The exposure to UV radiation triggers a crosslinking process, effectively 

solidifying the photoresist. 

To finalize the curing process, a post-exposure bake is conducted at 100 °C for 

4 minutes, ensuring thorough curing of the exposed area of the photoresist. Following 

this step, the unexposed region of the photoresist is meticulously developed using the 

SU-8 developer solution for 20 minutes, with the assistance of a shaker plate and 

gentle agitation. This precise procedure creates a template featuring cylindrical holes, 

each measuring 60 µm in width and 80 µm in diameter, meticulously positioned atop 

the exposed planar electrodes. 

IV.4.3 Template-assisted selective electrodeposition of multi-

level 3D microelectrodes.  

IV.4.3.1 Experimental setup 

The setup for electrodeposition of gold 3D Microelectrode Arrays (MEAs) 

involves several vital components and meticulous procedures to ensure precise and 

uniform deposition (refer to Figure IV-7). A hot water bath placed on a hotplate with a 

magnetic stirrer is the primary heating source, maintaining the bath temperature at a 

constant 55°C. A specialized additive-free electroplating solution (AUROLYTE 

CN200, Atotech Deutschland GmbH & Co. KG) is transferred into a glass or plastic 

beaker. The beaker is placed inside the hot water bath, exposing the solution to the 

controlled temperature environment for uniform heating. Within the beaker, a magnetic 

stirring bead is added to stir the electroplating solution continuously at 275 rpm. Before 

initiating the electrodeposition process, the plating solution and the hot water bath are 

preconditioned for approximately 1 hour at 55°C to ensure thermal equilibrium. 
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Figure IV - 7. Schematic representation of the setup for electrodeposition of multi-level 

gold microelectrodes.      

 

A galvanostat is utilized to apply the deposition current required for 

electrodeposition, providing precise control over the flow of electrical current during 

the process. The MEA is connected to the galvanostat's working electrode, and a 

titanium mesh is used as a counter/reference electrode. The desired deposition rate 

and thickness of gold microstructures onto the MEAs is achieved by adjusting current 

density and duration parameters. This setup facilitates reproducible and high-quality 

electrodeposition, enabling the fabrication of precise and reliable microelectrode 

arrays for various biomedical and research applications. 

IV.4.3.2 Multi-stage selective electrodeposition  

Before starting with the multi-stage electrodeposition process, the wafer is diced 

to remove four of the eight MEAs from the working electrodes, and the remaining 

MEAs are subjected to a gold wire bonding process to complete the secondary circuit 

and switch it to active mode by completing the connection with the primary circuit. The 

wire bonds are then covered and insulated using epoxy glue. The MEA is then 

subjected to a short exposure to the oxygen plasma to improve the wettability of the 

template. The O2 plasma-treated MEA is finally connected with the working electrode 

of the galvanostat and placed inside the electroplating solution bath against a titanium 
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counter electrode. The Stage I electrodeposition is then initiated by applying a 

deposition current density of 8 mA/cm2 across the electrochemical cell using the 

galvanostat. The deposition rate is monitored hourly using an optical profilometer. The 

stage I electrodeposition is terminated upon achieving the desired height for Level II 

(i.e., Group 2) electrodes.  

To begin with Stage II of the electrodeposition process, the secondary circuit is 

disconnected from the primary circuit by removing the wire bond that shortens the 

secondary circuit switching pads. The MEA is again subjected to a short O2 plasma 

treatment and is placed inside the electrochemical cell. Stage II electrodeposition is 

then initiated by applying a deposition current density of 8 mA/cm2 to maintain the 

deposition rate. The electrodeposition process is monitored hourly and terminated 

upon realizing the desired height for Level III (i.e., Group 3) electrodes. 

After achieving the desired heights for the electrodes, the KMPR mold removal 

process commenced. This involves gently stripping away the photoresist template 

layer, which uses the specialized mr-Rem 700 solution from MicroResist Technology. 

Under mild agitation, the solution effectively dissolves the photoresist template, 

allowing for easy removal while preserving the integrity of the fabricated structures. 

This meticulous step successfully unveiled the meticulously crafted 3D electrode 

array. 

IV.5 Results and discussions  

IV.5.1 Planar MEA device 

 
Figure IV - 8. Optical image of planar MEA device with external circuitry (Left) and a 

close-up image of the electrode array (right).     

 

The fabrication process described previously resulted in the successful 

realization of planar gold microelectrodes arranged in an array formation on a glass 

substrate. Each microelectrode exhibited precise dimensions, with a diameter of 70 

µm and a pitch of 265 µm, showcasing uniformity and accuracy in the layout. The 
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process yielded a positive rendition of the M1 mask layout pattern on chromium and 

gold layers on a pristine glass substrate (refer to Figure IV-8). 

The second mask, M2, defined the passivation layer over the MEA chip, 

followed by pattern transfer using reactive ion etching, creating a robust passivation 

layer. Finally, the removal of the photoresist revealed partially passivated planar 

MEAs. 

IV.5.2 Photoresist template characteristics 

The photoresist template utilized in the fabrication process successfully meets 

all the key requirements essential for its effective functioning. With meticulous 

attention to detail, the template ensures dimensional precision, accurately defining the 

electrodes' diameter, and spacing across the array. This precision guarantees 

uniformity, enabling consistent electrode dimensions and spacing throughout the 

substrate. Structural integrity is maintained, as the template exhibits robustness 

against handling and subsequent processing steps such as electrodeposition and 

etching. Moreover, the template demonstrates excellent adhesion to the substrate, 

remaining securely in place throughout the fabrication process. Its compatibility with 

various chemicals and solvents used in fabrication ensures seamless processing 

without compromising structural integrity or performance. Overall, the photoresist 

template fulfills all requirements with excellence, serving as a reliable and precise 

mask for defining the electrode array's structure and facilitating the fabrication of high-

quality microelectrode arrays. 

The characterization of the generated photoresist template involved a 

comprehensive assessment using advanced optical microscopy and profilometry 

techniques to ensure accuracy and precision in the template's layout and dimensions. 

Optical microscopy was employed to capture high-resolution images of the template 

layout. This technique enabled the visualization of the entire array, verifying the 

uniformity and consistency of the well pattern across the substrate (refer to Figure IV-

9a-b). 

Optical profilometry was utilized to characterize the dimensions of the cylindrical 

wells, including their diameter and pitch(refer to Figure IV-9c-f). By scanning the 

surface of the template with a laser, profilometry generated precise topographical 

maps, allowing for the measurement of well dimensions with sub-micron resolution. 

This detailed analysis facilitated the assessment of dimensional accuracy and 

uniformity, ensuring that the wells met the desired width, depth, and spacing 

specifications. 
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Figure IV - 9. Photoresist template characteristics. (a) Optical microscope image 

showcasing the layout of the photoresist template for an individual MEA device. (b) 

Optical image highlighting the array of cylindrical wells atop the planar electrodes 

(Scale bar: 200 µm). (c) A three-dimensional map representing a section of the 

cylindrical well array acquired using an optical profilometer. (d) The surface profile plot 

of the photoresist template featuring a color gradient indicating surface depth and 

profile extraction line segments P1 and P2. (e) Surface profile plot extracted along 

marker P1, providing insights into well depth, pitch, and profile characteristics. (f) 

Surface profile plot extracted along marker P2, offering detailed measurements of 

individual well dimensions.   

 

The precise procedure resulted in the creation of a template featuring cylindrical 

wells, each measuring 60 µm in width and 83 µm deep, meticulously positioned atop 

the exposed planar electrodes with a center-to-center pitch of 265 µm (refer to Figure 

IV-9e-f).  
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IV.5.3 Multi-level 3D MEA characteristics 

The characterization of the developed multi-level 3D MEA involves 

comprehensively assessing its structural features and topographical properties. 

Scanning Electron Microscopy (SEM) is employed to visualize the developed MEA, 

providing high-resolution images of the electrode array. These SEM images offer 

insights into the morphology and spatial arrangement of the multi-level electrodes 

across the array. The optical profilometer is utilized to characterize the 3D electrode 

heights, array topography, and the uniform distribution of multi-level electrodes across 

the array surface. This analysis involves obtaining surface profile maps of the MEA, 

which facilitates the measurement of electrode heights and the assessment of their 

distribution uniformity. Combining SEM imaging with optical profilometry, we 

thoroughly understand multi-level electrodes' topographical features and spatial 

distribution within the developed MEA.  

 

 
Figure IV - 10. Multi-level 3D MEA characteristics. (a) SEM image of the 3D MEA 

showing the uniform distribution of the multi-level electrodes across the array. (b) A 

3D topographical plot of the 3D MEA presenting the multi-level electrodes' height 

distribution obtained using the optical profilometer. (c) SEM image from a section of 

the 3D MEA representing the three levels of the electrodes and their corresponding 

heights (Z). 

 

Figure IV-10 presents the distribution of the multi-level electrodes across the 

MEA and the topographical distribution of the multi-level electrodes. It is evident from 

the SEM image that the fabricated multi-level 3D MEA consists of electrodes with three 

distinct height levels; the Group 1 electrodes remain planar as intended and are 
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present at flat circular pads on the substrate surface (refer to Figure IV-10a), and 

present the first Level (Level I) of the multi-level electrodes. The Group 2 electrodes, 

subjected only to Stage I electrodeposition, obtained a mean height of 39 µm while 

the Group 3 electrodes obtained a mean height of 79 µm (refer to Figure IV-10b). The 

electrode heights are represented by Z: the Level I electrodes have a height of ~0 µm, 

the Level II electrodes have a height of ~40 µm, and the Level III electrodes have a 

height of ~80 µm (refer to Figure IV-10c). 

IV.5.4 Resistance characteristics of 3D gold electrodes 

 The resistance measurements were conducted on the gold 3D electrodes to 

investigate the change in resistance (ΔR) resulting from the transformation of planar 

electrodes to 3D configurations by performing double linear I-V sweeps. The 

measurement setup involved establishing electrical connections between the contact 

pad or readout pad and the apex of the 3D gold electrode and their planar 

counterparts. Specifically, five 3D electrodes with similar heights were carefully 

selected from each group for analysis. For instance, five electrodes from Group 2, 

characterized by a height of 40 ± 1 µm, were chosen, along with five electrodes from 

Group 3, which exhibited a height of 80 ± 1 µm. This selection process ensured 

consistency and enabled a reliable analysis between different electrode 

configurations. 

 
Figure IV - 11. IV characteristics of the 3D gold electrodes plotted against their planar 

counterparts. (a) IV characteristics of the Group 2 (G2) 3D gold electrodes plotted 

against its planar electrode IV characteristics measured before electrodeposition. (b) 

IV characteristics of the Group 3 (G2) 3D gold electrodes plotted against its planar 

electrode IV characteristics measured before electrodeposition.   

 

The measurements were conducted between the contact pad and the top of the 

respective electrode. No significant change in resistance was observed for Group 1 

(Level I) electrodes, which did not undergo electrodeposition. This outcome is 

consistent with expectations, as the electrodes remained in their planar configuration 
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throughout. The Group 2 (Level II) 3D electrodes exhibited an average increase in 

resistance of 12.7 Ω following electrodeposition. Similarly, Group 3 (Level III) 3D 

electrodes demonstrated an average increase in resistance, measuring 25.6 Ω post-

electrodeposition. Notably, the change in resistance displayed a clear correlation with 

the height of the 3D gold electrodes, as expected.  

IV.5.5 Platform's performance evaluation 

As previously outlined, a batch comprising four planar MEAs connected to a 

single working electrode underwent the multi-stage electrodeposition process. The 

objective was to assess the technological platform's capacity for batch production of 

Multi-level 3D MEAs. The heights of all electrodeposited 3D electrodes across the four 

MEAs were measured using an optical profilometer to accomplish this goal. These 

measurements were systematically organized into groups for each MEA, enabling a 

thorough evaluation of the height distribution of the electrodes across the arrays (refer 

to Figure IV-12). The uniformity of the electrodeposited 3D electrode heights is also 

investigated by employing the percentage of standard deviation as a quantification 

parameter. This analysis provided valuable insights into the platform's capability for 

batch production, shedding light on the consistency and uniformity of electrode height 

distribution within and across the arrays.     

 

 
Figure IV - 12. Bar graph presenting the mean height of Level II and Level III 3D 

electrodes with percentage standard deviation across the mean height as the error 

bars.   

 

Within the batch of four MEA devices, 72 Level II electrodes were subjected to 

electrodeposition solely through Stage I processes. The resulting 3D electrodes 

exhibited an average height of 38.69 µm, with a standard deviation of ±3.80 µm. 

Similarly, employing Stage II electrodeposition, 84 Level III electrodes were 
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electrodeposited. These Level III electrodes displayed an average height of 78.66 µm 

and a standard deviation of ±7.55 µm. This detailed characterization provides valuable 

insights into the electrodeposited structures' dimensional attributes, highlighting the 

batch's consistency and variability. 

The mean heights recorded for the 3D electrodes corresponding to Level II and 

III across all four 3D MEAs align closely with the targeted heights of 40 µm and 80 

µm, respectively. Despite this alignment, the uniformity assessment reveals a notable 

observation: the percentage standard deviation, employed as a measure of height 

uniformity, exhibits significant variability. This deviation extends up to 12% of the mean 

electrode height for both sets of electrodes. While precise control over individual 

electrode heights is achieved, the observed variation underscores the importance of 

enhancing uniformity across the array and batch of MEAs. Such uniformity is pivotal 

for developing customizable 3D MEAs, ensuring consistency and reliability in their 

performance across diverse experimental scenarios. 

IV.6 Chapter highlights  

     

 Introduction to Validation Process: Chapter 4 represents a crucial phase in 

the thesis, transitioning from conceptualization to tangible realization. The 

aim is to validate the proposed platform by translating theoretical 

frameworks into practical applications. 

 Design and Layout: Meticulous planning and innovative engineering are 

evident in the design and layout of the MEAs. The layout encompasses 

eight 60-channel MEAs skillfully accompanied by external circuitry, 

demonstrating optimization for functionality, practicality, and scalability. 

 Batch Processing Consideration: The layout emphasizes batch processing, 

with a single trace connecting external circuitry to optimize spatial utilization 

and manufacturing procedures. This design facilitates compatibility with 

existing readout platforms and enhances scalability. 

 Individual Device Layout: Detailed descriptions of the layout for each mask 

layer are provided, outlining the arrangement of planar device architecture, 

passivation layer, and photoresist template. The layout design ensures 

precision and functionality while simplifying fabrication processes. 

 Selective Electrodeposition Circuitry: The development and operation of 

custom circuitry for selective electrodeposition are elaborated. The circuitry 

layout enables multi-stage electrodeposition, allowing precise control over 

electrode configuration. 

 Characterization of Photoresist Template: The photoresist template's 

characteristics are thoroughly analyzed, focusing on dimensional precision, 

structural integrity, and adhesion to the substrate. Optical microscopy and 

profilometry techniques are employed for accurate assessment. 
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 Characterization of Multi-level 3D MEA: SEM imaging and optical 

profilometry are utilized to assess the structural features and topographical 

properties of the developed multi-level 3D MEA. Detailed analyses reveal 

the uniform distribution and precise electrode dimensions. 

 Resistance Characteristics of 3D Gold Electrodes: Resistance 

measurements are conducted to investigate the change in resistance 

resulting from electrodeposition. The results demonstrate a clear 

correlation between electrode height and resistance change. 

 Platform's Performance Evaluation: The platform's capacity for batch 

production of multi-level 3D MEAs is evaluated, focusing on height 

distribution and uniformity. Despite achieving targeted heights, variability in 

height uniformity is observed, emphasizing the need for enhanced 

uniformity across arrays. 
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Chapter V: Optimizing platform performance by 
enhancing the deposition rate and 

uniformity in 3D MEAs 

 

Part of this chapter has been published in: 
 
 
Neeraj Yadav, Flavio Giacomozzi, Alessandro Cian, Damiano Giubertoni,  and Leandro 
Lorenzelli, 

“Enhancing the Deposition Rate and Uniformity in 3D Gold  
Microelectrode Arrays via Ultrasonic-Enhanced  
Template-Assisted Electrodeposition”, 
Sensors, 24 (2024) 1251. 
 
 

V.1 Introduction 

The development of advanced 3D microelectrode arrays necessitates the 

achievement of high electrodeposition rates to facilitate rapid prototyping and cost-

effectiveness. In contrast, the uniformity of the thickness of the electrodeposited 

microstructures plays a pivotal role in defining the array's topography. However, 

conventional processes, particularly those involving template-assisted electrode 

processes, suffer from low deposition rates due to the localized depletion of ions in the 

electroplating solution, resulting in non-uniform deposition. Using ultrasonic baths, 

which employ high-frequency pressure waves to accelerate chemical reactions within 

liquid media, appears to be a promising solution to overcome the limitations of 

conventional electrodeposition processes. These baths are widely used in various 

industrial and laboratory applications, including cleaning, degreasing, and 

electroplating [173,174]. In recent years, ultrasonic baths have been proposed as a 

potential solution for accelerating the electrodeposition process, which is often limited 

by their low deposition rate. Sound waves generate microscopic cavitation bubbles in 

the liquid medium when an ultrasonic bath is employed for electrodeposition. These 

bubbles are subjected to intense pressure and temperature changes, forming highly 

reactive sites on their surface. These sites can then act as catalysts, accelerating the 

electrodeposition process [175,176]. Ultrasonic baths show great potential for 

application in electrodeposition. These baths can produce precise and uniform gold 

microstructures with high accuracy. Moreover, they can increase the deposition rate 

without requiring additional catalytic agents, reducing costs. Although the impact of 

ultrasonic agitation on the electrodeposition of two-dimensional structures has been 

widely investigated, its influence on template-assisted electrodeposition of three-

dimensional microstructures is still not well understood [177–182].  
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In this chapter, we examine the impact of ultrasonic vibrations on the deposition 

rate and uniformity of microelectrode arrays created through template-assisted 

electrodeposition. Various characterization techniques, scanning electron microscopy 

(SEM), optical profilometry, and X-ray diffraction (XRD) analysis, were employed to 

evaluate the quality of the fabricated structures. The adhesion strength of the 

electrodeposited micropillars on a planar substrate was tested using a mechanical 

shear-strength testing tool. The results of this study contribute to a better 

understanding of the optimization of ultrasonic parameters for template-assisted 

electrodeposition and offer insights into improving the 3D MEA prototyping process. 

Additionally, this research has broader implications for applying ultrasonic agitation in 

other electrodeposition techniques used for micro- and nanofabrication. 

V.2 Materials and methods 

V.2.1 Materials 

The experiments utilized an additive-free electroplating solution (AUROLYTE 

CN200, Atotech Deutschland GmbH & Co. KG, Berlin, Germany) for the 

electrodeposition process. A thick negative-type photoresist (KMPR-1035, Kayaku 

Advanced Materials, Inc., Westborough, MA, USA) was used for template fabrication. 

An ultrasonic bath (Sonorex Digitec DT 514 BH-RC, BANDELIN Electronic GmbH & 

Co. KG, Berlin, Germany) operating at a peak power of 640 W and 35 kHz was used 

for the experiments. A general-purpose galvanostat (GENERAL-PURPOSE 

POTENTIOSTAT MODEL: 2051, AMEL INSTRUMENTS, Milan, Italy) was utilized in 

this study. Remover PG (Kayaku Advanced Materials, Inc., Westborough, MA, USA) 

was used to remove the photoresist template after the electrodeposition. Three types 

of MEA substrates were developed: S1, S2, and S3. 

V.2.2 Substrate layouts 

V.2.2.1 S1 layout 

The substrate S1 layout was a modification of the planar device architecture 

discussed previously in Chapter IV, with minor adjustments to the dimensions of the 

electrode pads. It comprised a hexagonal arrangement of 60 electrodes, each with a 

diameter of 65 µm and a pitch of 265 µm to ensure even distribution across the 

substrate. The active electrode count was twenty-one, and these were connected to a 

custom external circuitry designed outside the scribe line, designed explicitly for the 

electrodeposition experiments. 
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Figure V - 6. The scaled layout of the S1 MEA substrate. 

Figure V-1 presents the three-layer design of the S1 substrate layout, which 

features a standard 60-channel MEA layout situated within the scribe line and an 

additional custom circuitry that connects 21 electrodes to the working electrode via the 

custom circuitry defined beyond the scribe line to facilitate electrodeposition. The 

layout comprises three mask layers: M1 shapes the planar architecture of the metal 

layer, M2 establishes the passivation layer for planar devices, and M3 creates the 

photoresist template.  

V.2.2.2 S2 layout 

The second substrate (S2) was designed with a MEA layout similar to that of the first 

substrate (S1), featuring a hexagonal arrangement of 60 electrodes with a diameter of 

65 µm. However, S2 was modified to enhance its versatility for electrodeposition 

experiments. In particular, 41 of the 60 electrodes were connected to a custom routing 

system designed for electrodeposition applications. This modification enabled the 
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simultaneous electrodeposition of a greater number of electrodes, aiming to improve 

the uniformity and statistical analysis of the results. 

 

 
Figure V - 2. Scaled layout of S2 MEA substrate. 

Figure V-2 presents the three-layer layout of the S2 substrate layout, featuring 

a three-layer configuration. The core component of this design was a standard 60-

channel MEA layout located within the scribe line. Additionally, custom circuitry was 

incorporated to connect 41 electrodes to the working electrode, which was located 

outside the scribe line. This custom circuit is essential to enable successful 

electrodeposition. 

V.2.2.3 S3 layout 

Substrate S3 was specifically developed to evaluate the scalability and reproducibility 

of the optimal electrodeposition process using a precise and detailed design. It 

consisted of a hexagonal array of 60 electrodes that were carefully arranged for high-

resolution electrodeposition. Each electrode had a smaller diameter of 35 µm and a 
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narrower pitch of 195 µm to achieve improved spatial resolution and fine detail in the 

resulting microstructures. It is worth mentioning that out of the 60 electrodes, 44 are 

connected to the working electrode via an external routing system. 

 

 
Figure V - 3. Scaled layout of S2 MEA substrate. 

As depicted in Figure V-3, the S3 substrate comprises a three-layer 

arrangement featuring a conventional 60-channel MEA layout within the scribe line 

and an exclusive circuitry system that connects 44 electrodes to the working electrode 

through custom circuitry situated beyond the scribe line. This custom circuit was 

designed to facilitate the electrodeposition. 

V.2.3 Substrate preparation 

Custom-designed planar MEA substrates were developed for this study, and 

the design and fabrication protocols are outlined previously in Chapter III. The 

substrates were fabricated in a Class 1000 cleanroom using polished borosilicate 
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glass wafers (MicroChemicals GmbH, Ulm, Germany) as the base material. To initiate 

the fabrication process, a 10/200 nm thick Cr/Au layer was deposited onto a pristine 

glass wafer using an ultralow vacuum (ULVAC) metal evaporator. The wafer was 

primed through HMDS (Hexamethyldisilazane, MicroChemicals GmbH, Ulm, 

Germany) at 150 °C, followed by the application of a positive-tone photoresist (AZ® 

1518 from MicroChemicals GmbH, Ulm, Germany) through spin coating and a pre-

exposure bake at 100 °C. 

The first photolithography step involved transferring the M1 pattern to the 

photoresist using an i-line mask aligner setup, followed by a standard post-exposure 

bake and subsequent photoresist development process. Pattern transfer from the 

photoresist to the metal layers was achieved through wet chemical etching of gold and 

chrome. The photoresist was removed using acetone, followed by a deionized (DI) 

rinse and drying cycle. The Cr/Au-patterned wafer was sintered at 200 °C for 60 min 

after the gold sintering. Subsequently, a 200 nm-thick passivation layer of SiO2 was 

deposited using plasma-enhanced chemical vapor deposition (PECVD) technique. 

The wafer was subjected to further lithography using the second mask (M2) to 

define the pattern on the photoresist, following a procedure similar to that previously 

described. Pattern transfer from the photoresist to the passivation layer was 

accomplished through a dry etching technique (AW-903ER Plasma Etch RIE, Allwin21 

Corp., Morgan Hill, CA, USA), followed by a resist stripping process. The photoresist 

was removed, and the wafer was prepared for the final lithography step.  

To create the template for the electrodeposition process, a wafer with planar 

MEAs was first coated with a layer of chemically amplified negative photoresist 

(KMPR-1035, Kayaku Advanced Materials, Inc., Westborough, MA, USA) measuring 

110 µm in thickness. This was followed by a 30-minute soft-bake at 100 °C. The 

photoresist was then exposed to UV light through a third mask (M3) using an i-line 

mask aligner setup. Subsequently, the exposed area of the photoresist was cured 

completely through post-exposure baking at 100 °C for 6 min. Finally, the photoresist 

was developed using the SU-8 developer solution for 20 min, with the assistance of a 

shaker plate and mild agitation, to create a template with 110 µm deep cylindrical 

holes on top of the planar. This process resulted in forming an array of 110 µm deep, 

65 µm diameter cylindrical holes strategically aligned over the planar electrodes for 

the S1- and S2-type MEAs. For the S3 MEA, the cylindrical wells had an internal 

diameter of 35 µm and a depth of 110 µm. 

V.2.4 Experimental setup 

All electrodeposition experiments were conducted in an ultrasonic bath 

maintained at 55 °C, as depicted in Figure V-4. Before initiating the gold 

electrodeposition for each experiment, the electroplating solution bath was conditioned 

for 1 h. The experiments were conducted in four phases. Experiment 1: 
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Electrodeposition of gold MEAs with a high current density (i.e., 8 mA/cm2) for 1 h (H1) 

and various operational modes of the ultrasonic bath (i.e., no sonication mode (NS), 

pulsed sonication (PS) mode with a duty cycle of 50%, and continuous sonication (CS) 

mode) to investigate the influence of the ultrasonic bath operation mode on the 

deposition rate and electrode height uniformity across the array (refer to Figure V-4). 

 

 
Figure V - 4. Schematic representation of the experimental setup including the various 
operational modes of the ultrasonic bath, i.e., NSED (electrodeposition without the ultrasonic 
vibrations), PSED (electrodeposition with ultrasonic vibrations in pulsed mode with a duty cycle 
of 50%), and CSED (electrodeposition with continuous ultrasonic vibrations). 

Experiment 2 (L1): This was a repeat of Experiment 1 with a lower current 

density (4 mA/cm2) to determine the influence of the deposition current density on the 

deposition rate and the uniformity of the electrode height. Experiment 3: The best 

electrodeposition parameters were selected from the previous experiments (i.e., CS-

L1, based on the optimal deposition rate and the highest uniformity). In this case, the 

tests were repeated for longer durations of 2 and 3 h (i.e., CS-L2 and CS-L3, 

respectively) to verify the consistency of the process. Finally, a fourth experiment was 

conducted to verify the scalability of the process for the deposition of high-density (HD) 

MEAs for long durations. For the first two experiments, the S1 MEAs with 21 active 

electrodes were subjected to template-assisted electrodeposition for 1 h. For the third 

experiment, the S2 MEAs with 41 active electrodes were subjected to template-

assisted electrodeposition for 2 and 3 h, and the experiment was repeated to ensure 

reproducibility. S3 MEAs were used in the fourth experiment by subjecting them to 

template-assisted electrodeposition for 4 h. The experimental details are listed in 

Table V-1. 
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Table V-1. Design of experiments. List of experiments performed under various 

conditions. 

Experiment 

No. 

Sample 

Name 

MEA 

Type 

No. of   

Active 

Electrodes 

Electrode 

Diameter 

(µm) 

Deposition 

Current 

Density 

(mA/cm2) 

Electrodep

osition 

Duration 

(minutes) 

Ultrasonic 

Bath 

Mode * 

Experiment 

1 

NS-H1 S1 21 65 8 60 NS 

PS-H1 S1 21 65 8 60 PS 

CS-H1 S1 21 65 8 60 CS 

Experiment 

2 

NS-L1 S1 21 65 4 60 NS 

PS-L1 S1 21 65 4 60 PS 

CS-L1 S1 21 65 4 60 CS 

Experiment 

3 

CS-L2 S2 41 65 4 120 CS 

CS-L3 S2 41 65 4 180 CS 

CS-L2 r ** S2 41 65 4 120 CS 

CS-L3 r S2 41 65 4 180 CS 

Experiment 

4 
CS-L4 (HD) S3 44 65 4 240 CS 

* Ultrasonic bath modes: NS—ultrasonic vibrations OFF, PS—ultrasonic vibrations ON in 

pulsed mode, and CS—ultrasonic vibrations ON continuously. ** Repeated. 

V.2.5 Analysis 

A scanning electron microscope (SEM) was used to assess the process yield, 

which refers to the number of electrodeposited micro-pillars divided by the number of 

electrodes subjected to electrodeposition for each MEA. A two-step process was 

employed to determine the electrodeposition rate and uniformity. Initially, an optical 

profilometer was used to measure the height of the electrodeposited micro-pillars, 

which were then subjected to electrodeposition for one hour. The heights of multiple 

micro-pillars sourced from different regions of the MEA were comparatively analyzed 

to evaluate the height uniformity of the electrodeposited micro-pillars. 

To evaluate the mechanical properties of the electrodeposited micro-pillars, 

particularly their shear strength, a destructive die shear strength test was performed 

using the Condor Ez Pull&Shear test tool from XYZtec (refer to Figure V-5a). In the 

first experiment, five micro-pillars were randomly chosen from each experimental 

condition and subjected to a shear test at room temperature. A constant-velocity shear 

tool, moving at a speed of 2 µm/s, was placed in contact with the side of the micro-

pillar until either fracture or splitting occurred (refer to Figure V-5b). To obtain a reliable 

measure of the adhesion strength at the pillar-substrate interface, it was ensured that 

failure occurred at the pillar-substrate interface by positioning the shear tool 1 µm 

above the substrate surface. The maximum force exerted by the tool at the point of 

failure was recorded for all five measurements from each MEA. From the mean 
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maximum shear force and its standard deviation, the maximum shear strength τ_max 

was calculated from the maximum shear force F_max using the following equation[183]: 

𝐹max =  𝜏max 𝐴 (1) 

where A is the cross-sectional area of the pillar, obtained from the measured 

pillar diameter. 

 

 
Figure V - 5. Illustration of the shear test setup. (a) Initial position of the contact tool, (b) final 
position of the contact tool. 

To investigate the impact of ultrasonic vibrations on the morphological features 

of the electrodeposited gold microstructures, three distinct samples were prepared. 

Glass wafer pieces (17 × 17 mm2) that had been coated with a 5 nm layer of chromium 

(Cr) and 200 nm of gold (Au) deposited via the thermal evaporation process were 

employed as substrates (refer to Figure V-6). The substrates were covered with 70 

µm-thick Kapton tape, which had a circular opening with a diameter of 6 mm. The 

masked substrates were subjected to electrodeposition using parameters from the first 

experiment. The first substrate was subjected to electrodeposition for 1 h without 

ultrasonic vibrations, that is, in the absence of ultrasonic vibrations (NSED). The 

second substrate was subjected to electrodeposition with an ultrasonic bath operating 

in pulsed sonication mode for one hour, that is, PSED. Finally, the third substrate was 

subjected to electrodeposition for 1 h under continuous sonication mode, that is, 

CSED. The effect of ultrasonic vibrations on the morphology of the electrodeposited 

gold films was determined by measuring the surface roughness using atomic force 

microscopy (AFM; PX, NT-MDT SI, Moscow, Russia). 
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Figure V - 6. Schematic representation for preparation of the samples for the structural and 
morphological characterizations. 

The impact of ultrasonic vibrations on the structural characteristics of the 

electrodeposited samples was investigated via X-ray diffraction (XRD) analysis using 

a high-resolution XRD instrument (ITALSTRUCTURES APD2000, Austin AI, Austin, 

TX, USA). The NSED, PSED, and CSED samples and the substrate with the seed 

layer were examined to evaluate the effect of ultrasonic vibrations on the crystal phase 

of the electrodeposited structures. The average grain size D was determined via XRD 

for multiple crystallographic planes, including (111), (311), (220), and (200), via 

Scherrer equation:  

 where the Scherrer constant K is typically taken as 0.94 [183], λ = 1.5418 Å is 

the wavelength of the Cu Kalpha radiation employed for the XRD, β is the full-width at 

half-maximum (FWHM) of the measured peak in radians, and theta is the Bragg angle 

at which the peak occurs. 

V.3 Results and discussions 

V.3.1 Deposition rate and uniformity 

The deposition rate and uniformity are critical attributes in the template-assisted 

electrodeposition process. An optical profilometer was utilized to measure the height 

of the electrodeposited micro-pillars across each array to derive the deposition rate 

and assess the uniformity of the height of the electrodeposited micro-pillars. The 

uniformity in electrode heights across the array was calculated by normalizing the 

electrode heights and comparing the distribution for each case (refer to Figure V-7). In 

the first experiment, the S1 MEAs were subjected to electrodeposition for 1 h at a high 

current density of 8 mA/cm2 (H1) under different operational modes of the ultrasonic 

bath. The MEA subjected to electrodeposition without ultrasonic vibrations (i.e., NS-

𝐷 =  𝐾 𝜆/(𝛽𝑐𝑜𝑠(𝜃)) (2) 
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H1) displayed a deposition rate of 0.10 µm/min and a standard deviation of 35.8%. 

This indicated a low deposition rate compared to standard electrodeposition without 

using a template under similar experimental conditions (i.e., ~0.45 µm/min) and a 

considerable variation in micro-pillar heights across the array, revealing a lack of 

uniformity. The MEA subjected to electrodeposition with pulsed ultrasonic vibrations 

(i.e., PS-H1) showed an improved deposition rate of 0.24 µm/min, with a standard 

deviation of 16.19%, suggesting an improved uniformity compared to that of NS-H1. 

Finally, the MEA subjected to electrodeposition with continuous ultrasonic vibrations 

(i.e., CS-H1) demonstrated the highest deposition rate of 0.55 µm/min, with a standard 

deviation of 13.52%, indicating greater consistency in the micropillar heights and 

enhanced uniformity. 

 

 
Figure V - 7. Normalized height distribution of electrodes/micro-pillars for each MEA from 
Experiment 1. The bar graph clearly indicates that the use of ultrasonic vibrations during 
electrodeposition (i.e., PS-H1 and CS-H1) significantly improves the uniformity in the height 
distribution of the micro-pillars compared to the MEA subjected to electrodeposition without 
ultrasonic vibrations (i.e., NS-H1). 

In the second experiment, the S1 MEAs were subjected to electrodeposition for 

1 h with a lower current density of 4 mA/cm2 (L1) under different operational modes of 

the ultrasonic bath. To evaluate the rate of deposition and uniformity, an optical 

profilometer was used to measure the height of the electrodeposited micro-pillars 

across each array, which allowed for the calculation of the deposition rate and 

assessment of the uniformity of the electrode heights (refer to Figure V-8). The MEA 

subjected to electrodeposition without ultrasonic vibrations (i.e., NS-L1) showed a 

deposition rate of 0.06 µm/min proportional to NS-H1 and a percentage standard 

deviation of 14.77%, indicating a considerable improvement in the uniformity. The 

MEA subjected to electrodeposition with pulsed ultrasonic vibrations (i.e., PS-L1) 

showed an improved deposition rate of 0.13 µm/min compared to NS-L1. However, 
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the experiment revealed a slight increase in the percentage standard deviation (i.e., 

16.15%) with respect to NS-L1. Finally, the MEA subjected to electrodeposition with 

continuous ultrasonic vibrations and lower deposition current (i.e., CS-L1) showed a 

deposition rate of 0.24 µm/min and also a further decrease in the percentage standard 

deviation to 9.63%, indicating more consistency in the micro-pillar heights, and 

therefore an improved uniformity. 

 

 
Figure V - 8. Normalized height distribution of electrodes/micro-pillars for each MEA from 
Experiment 2. The bar graph indicates that using the lower current density for electrodeposition 
leads to a slight improvement in the uniformity even without the use of ultrasonic vibrations (i.e., 
NS-L1), and the use of ultrasonic vibrations further enhances the uniformity (i.e., PS-L1 and CS-
L1). 

 
Figure V - 9. Bar graphs comparing the deposition rate and the percentage mean standard 
deviation across the height of the electrodeposited micro-pillar array (as a measure of uniformity) 
for the various experiments. (a) Comparison of the deposition rate of the different microelectrode 
arrays (MEAs) from the first (H1) and the second (L1) experiment. (b) Comparison of the 
percentage mean standard deviation in the thickness of 21 electrodeposited micro-pillars for each 
MEA in the first and second experiment. 
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The first experiment confirmed that the incorporation of ultrasonic vibrations 

significantly enhanced the deposition rate and promoted uniformity. A high deposition 

rate is generally considered advantageous; however, uniformity is essential for the 

development of MEAs. The second experiment illustrated a decrease in the deposition 

rate compared to the first experiment; this reduction was proportional to the applied 

deposition current density across all three cases (refer to Figure V-9a). The CS-L1 

sample exhibited the lowest percentage standard deviation, signifying the highest 

uniformity when compared with all the other samples from the first and second 

experiments (refer to Figure V-9b). In light of these results, continuous sonication with 

a low current density was deemed the optimal combination for additional 

investigations. 

 
Figure V - 10. Normalized height distribution of electrodes/micro-pillars for each MEA from 
Experiment 3. The bar graph indicates that the longer electrodeposition durations with the use of 
continuous ultrasonic vibrations also contribute to an enhancement in uniformity. 

 
Figure V - 11. Bar graphs comparing the deposition rate and the percentage mean standard 
deviation across the height of the electrodeposited micro-pillar array (as a measure of uniformity) 
for the various experiments. (a) Comparison of the deposition rate of the various microelectrode 
arrays (MEAs) from the second (CS-L1), third (CS-L2, CS-L3, CS-L2 r, and CS-L3 r), and fourth 
(CS-L4 (HD)) experiments. (b) Percentage mean standard deviation pertaining to each sample 
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from the second (CS-L1), third (CS-L2, CS-L3, CS-L2 r, and CS-L3 r), and fourth (CS-L4 (HD)) 
experiments. 

In the third experiment, two sets of S2 MEAs comprising 41 active electrodes 

each underwent template-assisted electrodeposition for 2 h and 3 h using continuous 

sonication with a low current density. These were labeled as CS-L2 and C3-L3, 

respectively. To ensure reproducibility, the same procedure was repeated, resulting in 

repetition of the experiment, which was then referred to as CS-L2 r and C3-L3 r. The 

height of the electrodeposited micro-pillars across each array were measure using an 

optical profilometer, which allowed the assessment of the uniformity of the electrode 

heights (refer to Figure V-10). The deposition rates achieved in CS-L2 and C3-L3 were 

comparable to those of CS-L1 but slightly lower, with C3-L3 having the lowest 

deposition rate. These trends were confirmed by repeating the experiment (refer to 

Figure V-11a). 

The decrease in the deposition rate observed for longer deposition times could 

be attributed to the depletion of gold ions in the electroplating solution. However, this 

conclusion is based on the experimental setup, and further studies are required to fully 

understand this phenomenon. Conversely, the percentage standard deviation for the 

CS-L3 experiment decreased significantly to 2.13% as the electrodeposition duration 

increased (refer to Figure V-11b).  

 
Figure V - 12. Normalized height distribution of electrodes/micro-pillars for each MEA from 
Experiment 4. The experiment was conducted to check the scalability (in terms of higher aspect 
ratios of the micro-pillars/template) of the process using a high-density MEA subjected to 
ultrasonic-vibration-assisted electrodeposition for a long duration (i.e., CS-L4 (HD)). The bar 
graph demonstrates the scalability of the process. 

Finally, the fourth experiment was carried out by subjecting an HD MEA (S3) to 

template-assisted electrodeposition for 4 h (i.e., CS-L4 (HD)) with continuous 

ultrasonic vibrations and a current density of 4 mA/cm2. The hSeights of the 

electrodeposited micro-pillars were measured and analyzed (refer to Figure V-12). The 
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experiment yielded a deposition rate of 0.24 µm/min comparable to the results of 

previous experiments (refer to Figure V-11a). Additionally, the experiment 

demonstrated the lowest standard deviation of 1.76%, indicating exceptional 

uniformity (refer to Figure V-11b). 

These results indicate that incorporating ultrasonic assistance, particularly in 

the continuous mode, significantly increases the deposition rates in template-assisted 

electrodeposition. Additionally, a lower deposition current density enhances the 

uniformity of the electrode height across the array (refer to Figure V-13). The empty 

circular sites in the SEM images represent the planar electrodes that were not 

subjected to electrodeposition (refer to Figure V-13). All MEAs that underwent 

electrodeposition exhibited a 100% deposition yield (i.e., the number of micro-pillars 

deposited divided by the number of electrodes subjected to electrodeposition). This 

finding could be a critical strategy for optimizing the deposition parameters when 

precise control over micro-pillar dimensions and uniformity is essential. 

 

 
Figure V - 13. SEM images of the MEAs. (a) CS-L2 with a tilt of 10 degrees (scale: 500 µm). (b) 
CS-L3 with a tilt of 10 degrees (scale: 500 µm). (c) CS-L4 (HD) with a tilt of 25 degrees (scale: 
200 µm). 

V.3.2 Mechanical strength 

This study evaluated the crucial parameters of the mechanical strength of 

electrodeposited micro-pillars to investigate the impact of ultrasonic vibrations on their 

shear strength. A destructive shear stress test was conducted to determine the 

maximum shear force the micro-pillars could withstand before failure (refer to Figure 

V-2). The test was conducted on three MEAs from the first experiment and the HD 

MEA from the fourth experiment. 

For the NS-H1 MEA, the highest shear force recorded was 0.610 N, with a 

standard deviation of 6.58%. The PS-H1 MEA showed slightly greater resistance, 

reaching a maximum shear force of 0.707 N, and displayed a lower standard deviation 

of 3.57%, indicating a slightly superior and more consistent shear strength compared 

to NS-H1. The CS-H1 MEA exhibited a similar mean maximum shear force to that of 
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the NS-H1 MEA at 0.636 N, but with a reduced standard deviation of 3.38%, 

suggesting greater uniformity in shear strength during this process.  

 

 
Figure V - 14. Shear strength analysis. (a) Bar chart presenting the average (n = 5) of the 
maximum shear strength τ_max faced by the micro-pillars before failure for each MEA subjected 
to the test. (b) A microscopic image of the CS-L4 (HD) MEA undergoing the shear test with the 
contact tool at the initial position. 

The shear force resistance of the CS-L4 (HD) MEA was significantly lower at 

0.158 N, with a standard deviation of 3.62%. However, it should be noted that the 

cross-sectional area of the micro-pillars in the CS-L4 (HD) MEA was 3.5 times smaller 

than that of the other three methods. Given that the shear strength is directly 

proportional to the cross-sectional area, the seemingly weaker shear strength in the 

CS-L4 (HD) MEA is not indicative of poor shear resistance but rather a consequence 

of a smaller cross-sectional area. When adjusting for the reduced cross-sectional area, 

the actual shear strength of the CS-L4 (HD) MEA was comparable to that of the CS-

H1 MEA (refer to Figure V-14a). This suggests that a lower current density in 

continuous ultrasonic bath-assisted electrodeposition with a lower deposition rate 

does not necessarily compromise the shear strength. The findings of this research 

have important implications for the design of electrodeposition processes for gold 
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microstructures that require strong resistance to shear forces on the substrate. Figure 

V-14b shows an optical image of the shear strength measurement setup with the 

contact tool at the initial measurement position for the CS-L4 (HD) MEA.  

V.3.3 Structural and morphological Analysis 

 
Figure V - 15. Measured XRD patterns of the electrodeposited gold (without template) under 
different ultrasonic vibration modes and the thermally evaporated gold seed layer (i.e., substrate). 

Figure V-15 shows a Y-stacked plot of the X-ray diffraction (XRD) spectra for 

the three electrodeposited gold samples (i.e., NSED, PSED, and CSED) and the 

substrate with the gold seed layer (substrate) deposited using the thermal evaporation 

technique. As expected, the seed layer exhibits a crystalline structure with a single 

peak at 38.2 degrees (i.e., the (111) plane). In the case of the electrodeposited 

samples, strong peaks were observed in the (111) plane, and weaker peaks were 

observed in the (311), (220), and (200) planes, indicating a polycrystalline structure. 

No significant shift in the 2theta locations in the XRD spectra was observed for the 

various electrodeposited gold samples. As shown in Table V-2, the full width at half 

maximum (FWHM) of the (111), (311), (220), and (200) planes is highest for the NSED 

sample and lowest for the PSED sample, indicating a lower surface roughness and 

average grain size compared to those of the PSED and CSED samples, which can 

also be observed in the atomic force microscopy (AFM) images (refer to Figure V-16). 

 

Table V-2. Full width at half maximum (FWHM) of 111, 311, 220, and 200 peaks 

of electrodeposited gold. 

Sample 
(111) 1 (311) (220) (200) Average Grain 

Size (nm) FWHM  FWHM FWHM FWHM 

Substrate 0.20524 - - - 40.96 

NSED 0.15433 0.25735 0.21134 0.23835 43.63 
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PSED 0.14565 0.2244 0.1736 0.23286 48.51 

CSED 0.14751 0.23751 0.18359 0.2303 47.01 
1 Crystallographic plane. 

 

 
Figure V - 16. AFM 3D image and average surface roughness (Sa) of (a) NSED, (b) PSED, and 
(c) CSED. 

V.3.4 Implications for 3D MEAs 

This research indicates that using ultrasonic bath-assisted electrodeposition, 

particularly under continuous operation (CSED and LC-CSED), significantly enhances 

the performance of template-assisted electrodeposition. This could potentially lead to 

higher quality three-dimensional micro-electrode arrays (3D MEAs), resulting in an 

increased deposition rate, improved uniformity, and stronger adhesion of gold micro-

pillars. These findings may also contribute to optimizing ultrasonic parameters in 

electrodeposition processes, which could advance the field of microfabrication and 
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nanofabrication. Our results emphasize the promising potential of ultrasonic bath-

assisted electrodeposition for fabricating 3D MEAs. Future studies could further 

validate these findings by exploring other factors that impact the electrodeposition 

process and optimizing them to achieve superior MEA performance.  

V.4 Chapter highlights 

 

 Effects of Ultrasonic Vibrations: This study investigates the effects of 

ultrasonic vibrations on template-assisted electrodeposition of gold micro-

pillars for constructing 3D microelectrode arrays (MEAs) for in vitro 

electrophysiological studies. 

 Increased Deposition Rate: Continuous ultrasonic bath-assisted 

electrodeposition led to a significant increase in the deposition rate, 

enhancing the efficiency of the fabrication process for 3D MEAs. 

 Improved Uniformity: Ultrasonic vibrations improved the uniformity of the 

micro-pillar height across the array, ensuring consistency and reliability in 

the fabricated MEAs. 

 Role of Deposition Parameters: The study highlighted the critical role of 

deposition time and current density in achieving uniformity, providing 

insights into optimizing deposition parameters for enhanced MEA 

fabrication. 

 Guidance for Optimization: The findings offer valuable guidance for 

optimizing the parameters of ultrasonic bath-assisted electrodeposition, 

facilitating advancements in micro- and nanofabrication techniques. 
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Chapter VI: Design development and 
performance evaluation of variable height 

3D MEAs  

 

Part of this chapter has been published in: 
 
 
Neeraj Yadav, Donatella Di Lisa, Flavio Giacomozzi, Alessandro Cian, Damiano Giubertoni, 
Sergio Martinoia, and Leandro Lorenzelli, 

“Development of multi-depth probing 3D microelectrode array to record 
electrophysiological activity within neural cultures”, 
J. Micromech. Microeng., 33 (2023) 115002. 
 

VI.1 Introduction 

This chapter presents the development and functional characterization of 3D 

MEAs with four distinct electrode heights. Four distinct electrode heights were 

achieved by reengineering the device layout to accommodate the optimized layout of 

the circuitry, enabling a three-stage electrodeposition process.   An ultrasonic-

enhanced template-assisted electrodeposition process was utilized to attain precise 

control over the height of the 3D electrodes. Moreover, the overall technological 

platform was optimized by eliminating the use of wire bonding for circuit manipulation 

and reconfiguring the device layout to utilize wet chemical etching for this purpose. 

The fabricated 3D MEA devices were characterized using optical profilometry and 

scanning electron microscopy (SEM) to evaluate the height and distribution of the 

microelectrodes within the array. Additionally, electrochemical impedance 

spectroscopy provides valuable information about the performance of the individual 

electrodes. 

Based on the varying heights of the microelectrodes, the sensing electrodes 

were categorized into four distinct groups (G1, G2, G3, and G4). To assess the 

device's functionality, bare electrode noise measurements were taken using the 

MEA2100 System from MultiChannel Systems (MCS), and spontaneous 

electrophysiological activity was recorded. Moreover, we evaluated the device's 

performance by recording spontaneous electrophysiological activity from a three-

dimensional human neurospheroid derived from the differentiation of human Induced 

Pluripotent Stem Cells (h-iPSCs), utilizing the MCS commercial setup. 

Furthermore, a comparative analysis was conducted between the developed 

multi-height 3D MEA (designated as MH-MEA) and a state-of-the-art 3D MEA 

(referred to as 3D MC) comprising 60 titanium nitride microelectrodes, each with a 

single-level height of 100 µm and pitch of 250 µm, supplied by MCS. The comparison 

was conducted under similar experimental conditions to ensure consistency. 
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The technology presented in this work enables the development of 3D MEAs 

compatible with the most commonly used in vitro recording system (MEA2100-System 

from MultiChannel Systems). Customizing electrode arrays makes these devices 

suitable for various applications, such as studying neuronal network dysfunction, 

neurotoxicity, drug screening, or other electrical measurements with organoids based 

on electroactive cells. 

VI.2 Design and layout optimizations 

VI.2.1 MEA batch layout 

 

 
Figure VI - 7. Wafer-scale layout illustrating a batch of eight planar MEA devices (layout colored 
blue) with custom circuitry to support electrodeposition connected to a single working electrode 
(layout colored red). 

At the wafer scale, the layout of the device comprises eight 60-channel MEAs, 

each connected to external circuitry via a single trace designed to serve as a common 

working electrode during electrodeposition (refer to Figure VI-1). The overall MEA 

layout is similar to that described in Chapter III. However, the circuitry has been re-

engineered to facilitate the multi-stage electrodeposition process and manipulate the 

circuit accordingly. 

VI.2.2 Individual device layout 

Each device consisted of an array of 60 planar electrodes, measuring 65 µm in 

diameter and arranged in a hexagonal pattern with a 265 µm pitch. The electrodes 

were connected to contact pads via internal routing (refer to Figure VI-2a), and the 

contact pads were connected to an outer metal ring through custom routing, which 

served as the working electrode for the selective application of the electrodeposition 

current (refer to Figure VI-5b). The planar electrodes were divided into four distinct 

groups through external circuitry routing: group G1, which comprises electrodes not 



93 

connected to external circuitry, and groups G2, G3, and G4, which are connected to 

external circuitry to support multi-stage electrodeposition. 

 

 
Figure V - 2. Individual device design and layout. (a) 10 X 10 mm2 60-channel MEA device layout 
consisting of sensing electrode pads in the center and contact pads for the readout system on 
the periphery of the device connected through internal routing. (b) Contact pads connected to an 
outer metal ring (colored blue) outside the MEA device periphery via custom external routing to 
support selective electrodeposition using a single working electrode, the dark yellow rectangles 
represent the etching windows in the photoresist template. 

The layout consists of three mask layers. The first mask (M1) transfers the MEA 

layout onto a gold metal layer on the wafer. The second mask (M2) defines openings 

in the passivation layer, exposing the electrodes and contact pads. This mask also 

incorporated etching windows on the external routing to facilitate disconnection from 

the metal ring during electrodeposition. The final mask(M3) defines the layout to form 

a photoresist template for the electrodeposition of gold micro-pillars onto the G2, G3, 

and G4 electrodes, which is achieved by creating cylindrical wells in the photoresist.  

VI.3 Materials and methods 

VI.3.1 Fabrication of multi-height 3D MEA 

VI.3.1.1 Definition of planar device architecture 

The fabrication process was carried out in a Class 1000 cleanroom, utilizing 150 

mm polished borosilicate glass wafers sourced from Plan Optik AG, Germany. The 

wafers were coated with a 10/200 nm thick Cr/Au layer using an ultralow vacuum 

electron beam evaporator (ULVAC). Subsequently, the wafers were primed with 

hexamethyldisilazane (HMDS) at 150 °C to enhance photoresist adhesion. Following 

this process, a positive-tone photoresist (OIR 305-20HC from Fujifilm) was spin-

coated onto the wafer and baked at 100 °C. The pattern was then transferred from 

photolithography mask M1 to the photoresist using an i-line mask aligner (KARL SUSS 

MA6), followed by standard post-exposure bake and photoresist development. 

Subsequently, the unmasked gold and chrome layers were etched using wet chemical 
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etching, thereby completing pattern transfer. The photoresist was then stripped using 

acetone, and the wafer was sintered at 200 °C for 60 minutes. Finally, a 200 nm thick 

silicon dioxide passivation layer was deposited using PECVD. The opening on the 

oxide layer was defined using the photolithography mask M2, and the electrode and 

contact pads were exposed via dry etching (TEGAL 903) (refer to Figure VI-3a). 

 

 
Figure V - 3. (a) Schematic representation planar MEA cross-section. (b) Coating 110 µm thick 
KMPR photoresist coated on the planar MEA. (c) Photoresist template for electrodeposition of 
gold micro-pillars over the planar electrodes. 

VI.3.1.2 Template development 

A photoresist mold was fabricated to support the electrodeposition of gold micro-pillars 

by coating the planar MEAs with a 110 µm thick layer of chemically amplified negative 

photoresist (KMPR-1035, Kayaku Advanced Materials, Inc.), followed by a 30-minute 

soft-bake at 100 °C (refer to Figure 3b). The photoresist was then exposed to UV light 

using Mask 3 with the mask aligner. A post-exposure bake was then performed at 100 

°C for 6 min to ensure complete curing of the exposed area. Finally, the photoresist 

was developed using an SU-8 developer solution (MicroChemicals GmbH) for 20 min, 

using a shaker plate and mild agitation. This step created a photoresist template 

featuring 110 µm deep cylindrical wells aligned over planar electrodes (refer to Figure 

VI-3c). 

VI.3.1.3 Selective electrodeposition of 3D electrodes 

The electrodeposition process began with applying Kapton tape to the etch windows 

in the template. This was followed by a brief oxygen plasma treatment to eliminate any 

potential lithographic process residue that could interfere with the material deposition. 

In the initial stage of the process, all electrodes, except for G1, were connected to the 

external metal ring through external routing (refer to Figure VI-4a). Gold 

electrodeposition was performed using a current density of 4 mA/cm2 under 

continuous ultrasonic vibrations and a temperature of 55 °C. The first stage of 
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electrodeposition was terminated upon realizing the desired height for the G2 

electrodes (refer to Figure VI-4b). 

The next step involves disconnecting the G2 electrodes from the outer metal ring. This 

was achieved by etching the external circuitry through the internal etch windows 

present in the photoresist template. The second stage electrodeposition process was 

initiated and continued for the G3 and G4 electrodes until the desired height for the 

G3 electrodes was realized (refer to Figure VI-4c). The G3 electrodes were then 

disconnected from the working electrode by etching the external circuitry through the 

external etch windows in the photoresist template. Finally, the G4 electrodes 

underwent third-stage electrodeposition until the desired height for G4 electrodes was 

realized (refer to Figure VI-4d). After the multi-stage electrodeposition process was 

completed, the KMPR mold was stripped using an mr-Rem 700 solution (MicroResist 

Technology) under mild agitation. 

 

 
Figure V - 4. The mechanism for selective electrodeposition of gold micro-pillars. (a) Schematic 
representation of electrodes clubbed into different groups connected to the working electrode 
(W.E.). (b) First stage electrodeposition, G2, G3, and G4 electrodes are electrodeposited 
simultaneously (indicated by arrows), and the process is terminated upon realizing the desired 
height for G2 electrodes. (c) Second stage electrodeposition for G3 and G4 electrodes. (d) Final 
stage electrodeposition for G4 electrodes. 

VI.3.1.4 Sidewall passivation of 3D gold electrodes 

A Parylene-C layer of 900 nm thickness was deposited on the 3D MEA using 

chemical vapor deposition. This layer was necessary for recording electrophysiological 

activities solely from the top of the micro-pillars in the neuronal culture (refer to Figure 

VI-5a). To remove the parylene-C layer from the top of the electrodes, a 20 nm thick 

masking layer of chrome was applied over the parylene-C layer (refer to Figure VI-5b). 

The chrome layer served as a mask to selectively eliminate the parylene-C layer, 
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which was defined using a focused ion beam (FIB) assisted milling process with 35 

keV gold ions (Au+) at a fluence of 1 mC/cm2 (refer to Figure VI-5c). The chrome layer 

on the top of the micro-pillars was removed by milling with 35 keV gold ions. An 

oxygen-based reactive ion etching process was used to etch the unmasked parylene 

layer (refer to Figure VI-5d). Finally, the chrome mask layer was removed via wet 

chemical etching, resulting in sidewall-passivated 3D microelectrodes (refer to Figure 

5e). 

 

 
Figure V - 5. Schematic representation of the passivation process. a) The 3D MEA coated with 
a 900 nm thick Parylene-C layer. (b) 20 nm thick chrome layer deposited over the Parylene-C. 
(c) Removal of chrome layer from the top surface of the planar and 3D microelectrodes using a 
custom FIB milling, exposing the Parylene-C layer. (d) The unmasked Parylene-C removed using 
oxygen based RIE process to expose the electrode surface. (e) Removal of chrome layer using 
wet chemical etching. 

VI.3.1.5 Sidewall passivation of 3D gold electrodes 

After sidewall passivation, the 3D MEA devices measuring 10 × 10 mm2 were 

sliced along the predefined scribe lines and subsequently mounted onto a custom-

designed printed circuit board (PCB) compatible with the MEA2100 readout system 

using a small quantity of epoxy glue. Gold wire bonding connected the MEA contact 

pads to the PCB routing. To prevent short-circuiting, the bonding region was covered 

with an epoxy resin. A poly(dimethylsiloxane) (PDMS) ring with internal and external 

diameters of 4 and 8 mm, respectively, and a height of 5 mm was placed on the MEA 

device. This ring served as a well for cell culture. Furthermore, a glass ring with internal 

and external diameters of 20 and 22 mm, respectively, and a height of 11 mm was 

mounted on the PCB surrounding the MEA device. Finally, the space between the 

internal PDMS ring and the glass ring was filled by pouring PDMS and curing it at room 

temperature (refer to Figure VI-6). 
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Figure V - 6. 3D MEA packaging scheme. Image of a fully assembled device (left), schematic 
representation of the cross-sectional view of the packaged device (right). 

VI.3.2 Methods for device performance evaluation 

VI.3.2.1 Electrode impedance and noise characterization 

The impedance of the individual electrodes was assessed using a two-electrode 

configuration impedance analyzer, specifically the HP4192—LF impedance analyzer. 

The measurements were carried out within the 1-100 kHz frequency range, using a 

platinum counter electrode immersed in an electrolytic solution (Cryson) with a pH of 

7. 

Noise measurements were conducted by recording the electrical activity of the 

bare electrodes in a PBS buffer solution and medium culture (neurobasal medium) at 

a frequency of 10 kHz for 2 min using the ME2100-System (MEA 2100-System, MCS) 

for both MH-MEA and 3D MC MEAs. The noise was evaluated by measuring the 

amplitude of the raw signals for each MEA electrode. Data are presented as mean ± 

standard deviation.  

VI.3.2.2 Neuronal differentiation and neurospheroids generation 

The neuronal differentiation was carried out as described in Frega et al.[184]; 

briefly, h-iPSCs single-cell solution was plated onto matrigel pre-coated wells and 

cultured in E8F+dox medium (4 µg/m doxycycline (Day 0)). On Day 1, E8F+dox 

medium was replaced entirely by DMEM/F12 supplemented with 1% MEM non-

essential amino acid solution, 1% N2-supplement, 1% pens/strep, 10 ng/ml human-

NT-3 and 10 ng/ml human-BDNF. On Day 3, the cells (Early-stage neurons) were 

collected and re-suspended in the medium, ready to be counted and used in co-culture 

for the neurospheroids generation. Astrocytes were obtained from primary cortical 

embryos (E18) as described in Aprile et al.[185] Neurospheroids comprised 8 x104 

early-stage neurons and astrocytes in a 1:1 ratio. Neurospheroids were generated by 

hanging drop method using a 5 cm petri dish as a ‘moisture chamber’. The petri dish 

was half-filled with Dulbecco’s phosphate-buffered saline (DPBS), and the inner part 

of the lid was used as sustain for the drops of the medium used as scaffold-free culture. 

Specifically, the lid was inverted, and a 15 µl drop of the neurobasal medium was 
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poured into the inner part of the lid; then, 10 µl of the mixed-cells solution was added 

into each medium drop previously placed. Finally, the lid was gently placed back on 

the petri dish to avoid the sliding of the drops and then stored in the incubator at 37 

°C and 5.5 CO2. This day was considered the DIV 0 of the neurospheroids. At DIV 10, 

the neurospheroids were moved into 24-well plates. The medium was supplemented 

with 2.5% of FBS and refreshed thrice weekly. At DIV 21, neurospheroids were 

transferred onto the 3D MEAs.  

VI.3.2.3 Preparation of MEAs for cell loading 

3D MC MEA (60-3DMEA250/12/100iR-Ti-gr) supplied by MCS was used as 

control. The 3D MC MEAs are glass devices with 60 titanium nitride electrodes 

embedded in the center of the culture well. They are arranged in an 8×8 grid without 

electrodes at the corner, spaced 250 µm among them, and are pyramidal with 100 µm 

height and 12 µm diameter tip. The 3D MH-MEA has a hexagonal spatial organization 

of the electrodes, with a cylindrical shape and circular tip having a diameter of 65 µm. 

Before plating neurospheroids, both 3D MEAs were cleaned and sterilized; 3D MC 

MEA were sterilized in an oven at 120 °C for two hours while 3D MH-MEA was filled 

with 70% Ethanol for 40 min. After that, the chambers were washed three times with 

ddH2O. Each chamber was filled with 2 ml DPBS, and the devices were stored in the 

incubator for two nights to improve the hydrophilicity of the substrate (conditioning 

phase). After this phase, all the devices were coated with a bi-layer composed of poly-

L-ornithine (PLO, Sigma-Aldrich) and human-laminin (BioConnect). More specifically, 

100 µl of PLO solution (100 µg/ml) was placed on the active area of MEAs and then 

incubated at 4 °C overnight. The day after, the PLO solution was removed from the 

active area, washed twice with ddH2O, and then replaced with 80 µl of laminin solution 

(20 µg/ml). Devices were then left overnight at 4 °C. The laminin solution was 

removed before plating the neurospheroids.  

VI.3.2.4 Recording spontaneous electrophysiological activity 

The spontaneous electrophysiological activity (15 min) was recorded at DIV 29 

using the ME2100-System (MEA 2100-System, MCS). The data were sampled at 10 

kHz. Incubator-like conditions were maintained during recording by keeping the culture 

at 37 °C and 5.5% CO2 in sterile conditions.  

VI.3.2.5 Data analysis 

Data analysis was performed using a custom software package named 

SPYCODE, developed in MATLAB ( MathWorks, Natick, MA, USA) [186–188]. Spike 

detection was performed using a precise timing spike detection algorithm [187]. The 

algorithm requires three parameters: a different threshold set to eight times the 

standard deviation of the baseline noise, peak lifetime period (set at 2 ms), and 

refractory period (set at 1 ms). The raster plots show an overview of the global activity 

recorded for each MEA electrode. The following main parameters were extracted to 
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characterize the electrophysiological activity: the mean firing rate (MFR), that is, the 

number of spikes per second of each channel, and the percentage of random spikes, 

that is, the fraction of spikes outside bursts. Burst detection was performed according 

to a previously described method [188]. A burst is a sequence of spikes with an inter-

spike interval (i.e., time intervals between consecutive spikes) smaller than a reference 

value (set at 100 ms in our experiments) and containing at least a minimum number 

of consecutive spikes (set at five spikes). The parameters extracted from this analysis 

were the mean bursting rate (MBR) and the mean burst duration (MBD), which are the 

frequency and duration of the bursts at the single channel level, respectively.  

VI.3.2.6 Morphological characterization 

After the electrophysiological recordings, samples were fixed directly on the 

MEA at DIV 30 for immunofluorescence characterization. Samples were fixed using 

4% paraformaldehyde solution (PFA, Sigma-Aldrich) for 20 min at room temperature 

and then washed thrice with Phosphate-buffered saline (PBS, Sigma-Aldrich) solution. 

Samples were permeabilized with 0.2% triton X-100 (Thermo Fisher Scientific) for 15 

min. To block non-specific binding antibodies, samples were exposed to Blocking 

Buffer Solution (BBS, composed of 0.5% fetal bovine serum (Sigma-Aldrich), 0.3% 

bovine serum albumin (Sigma-Aldrich) in PBS) for 45 min at room temperature. GFAP 

(diluted 1:500, Sigma Aldrich) and MAP-2 (diluted 1:500, Chemicon Millipore) were 

used as primary antibodies to mark glial and neuronal cells, respectively, and Dapi 

(diluted 1:10000, Sigma) to label nuclei. Alexa Fluor 488 (diluted 1:700, Thermo Fisher 

Scientific) and Alexa Fluor 546 (diluted 1:1000, Invitrogen) Goat anti-mouse or Goat 

anti-rabbit were used as secondary antibodies.  

VI.3.2.7 Statistical analysis 

To analyze the data, a non-parametrical Wilcoxon signed-rank test was 

performed after evaluating the normality test with GraphPad Prism. Differences were 

considered significant when p < 0.05.  

VI.4 Results and discussions 

VI.4.1 Development of multi-height (MH) 3D MEAs 

The research successfully yielded a new strategy for developing multi-height 

3D MEA devices with 60 channels. During this experiment, an 8-device batch of MEA 

was fabricated on 150 mm glass wafers, using a single working electrode to facilitate 

the selective electrodeposition of gold micro-pillars. Each MEA device contained 60 

electrodes with a 65 µm diameter and a 265 µm pitch, grouped into four categories 

(G1, G2, G3, and G4) according to the electrodes’ height. 

The G1 group represented the first level electrodes, showcasing a planar 

topology relative to the MEA’s surface. Meanwhile, the G2, G3, and G4 groups 

denoted the second, third, and fourth level electrodes, respectively, each with varying 
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heights: G2 at 35 ± 2 µm, G3 at 65 ± 2 µm, and G4 at 120 ± 2 µm, throughout the 

batch of 8 devices. Throughout and following the fabrication process, the electrodes’ 

height underwent monitoring and measurement via an optical profilometer. Figure VI-

7a shows an optical scan of the final multi-height 3D MEA acquired using an optical 

profilometer. The height profiles for electrodes from different groups were acquired 

from a cross-section of the optical scan image (refer to Figure VI-7b). The MEA layout 

and the distribution of the multi-level electrodes across the array (refer to Figure VI-

7c). Figure VI-7d presents a close-up view of a section of the 3D MEA highlighting 

different height electrodes, marked with their respective group names. 

 

 
Figure V - 7. Multi-height 3D MEA. (a) Optical scan of the multi-level electrodes obtained using 
an optical profilometer. (b) Height profile of the multi-level electrodes extracted along the dashed 
line in Figure 7a. (c) SEM image of 3D MEA showing the uniform distribution of the multi-level 
electrodes across the array, (d) close-up SEM image of the array showing the different electrode 
heights and distribution. 

VI.4.2 Device characterization 

VI.4.2.1 Electrochemical impedance measurements 

We measured the impedance of electrodes across all four groups and 

compared the results to assess electrode behavior over a 1– 100 kHz frequency range. 

As anticipated, every electrode demonstrated capacitive behavior, with the impedance 

modulus decreasing linearly as a function of frequency on a log-log scale (refer to 

Figure VI-8a). Meanwhile, the impedance phase maintained at around -80 degrees up 

to roughly 10 kHz, then decreased (refer to Figure VI-8b). 

For a more detailed evaluation of the disparities among different groups, we 

took impedance measurements of the electrodes at 10 kHz (refer to Figure VI-8c). We 
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then used these impedance and phase values to compute the electrodes’ double-layer 

capacitance (refer to Figure VI-8d). 

The impedance measurements revealed that the active surface area of the G1 

electrodes was significantly smaller than those from other groups due to the planar 

topology of the G1 electrodes. 

 

 
Figure V - 8. Electrochemical impedance measurements. (a) The magnitude of the impedance 
|Z| and b) the phase. c) The planar electrodes (G1) have a significantly higher magnitude of 
impedance |Z| measured at a frequency of 10 kHz and (d) lower double-layer capacitance 
compared to electrodeposited electrodes due to the planar topology. 

Each electrode demonstrated capacitive behavior, with the impedance modulus 

decreasing linearly as a function of frequency on a log-log scale (refer to Figure VI-

8a). Meanwhile, the impedance phase maintained at around -80 degrees up to roughly 

10 kHz, then decreased (refer to Figure VI-8b). At 10 kHz, the planar electrodes (G1) 

had the highest impedance magnitude of 17 ± 1.64 kΩ, while the electrodeposited 

electrodes (G2, G3, and G4) had a much lower impedance magnitude ranging 

between 9.5 – 10.5 kΩ averaged over 10 number of electrodes from each group. 

VI.4.2.2 Noise measurements 

MEA noise measurements were performed by recording electrical activity from 

various devices using the MCS System. The experimental protocol involved a 2-

minute recording at 10 kHz in both a PBS buffer solution and a medium culture solution 

(refer to Figure VI-9). We compared the noise of the 3D MH-MEA to that recorded from 

the commercial 3D MC MEA. 
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Figure V - 9. Noise characterization. Noise measurements for MH MEA were performed by 
recording the electrical activity of the electrodes in a PBS buffer solution at 10 kHz for 2 min and 
compared with the state-of-the-art commercial 3D MC MEA. (a)  Comparison of mean noise of 
different electrode groups with all the active channels. (b) Comparison of mean noise of MH-MEA 
electrode groups and 3D MC with all the active channels in PBS and medium culture. (c) 
Comparison of mean noise of MH-MEA with and w/o G1 electrodes and 3D MC. 

The amplitude of the raw signals for each electrode was recorded to evaluate 

the noise. Initially, the average noise for each electrode group, G1, G2, G3, and G4, 

was analyzed (refer to Figure VI-9a). The signals recorded by G1 electrodes exhibited 

the highest noise levels among all groups, and we observed a significant reduction in 

noise for the 3D electrodes. 

Furthermore, the noise was measured in two buffer solutions, PBS and medium 

culture (refer to Figure VI-9b). There were no statistical differences when comparing 

these two different conditions. The measurements performed with the 3D MC MEA 

provided similar results. 
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Lastly, when comparing the mean noise of all electrode groups of the MH-MEA 

(G1, G2, G3, and G4) and the 3D MC MEA, with all 60 channels active, the noise 

values of the multi-level MEAs were significantly higher compared to the commercial 

ones. However, excluding the G1 electrodes of the 3D MH-MEA resulted in a 

substantial overall reduction in noise, rendering it more suitable for recording 

electrophysiological activities (refer to Figure VI-9c). 

VI.4.3 MH-MEA performance evaluation  

The neurospheroids were plated on both types of 3D MEAs at 21 Days In Vitro 

(DIV) after the complete formation of a three-dimensional structure when neuronal and 

glial cells created a dense network with a spherical shape (refer to Figure VI-10). 

Neurospheroids showed a mean diameter of around 500 µm. The recording was 

performed one week after the plating to allow adhesion onto the 3D MEA’s surface 

and ensure good interaction between cells and electrodes. Over time, neuronal 

processes enveloped the 3D electrodes while maintaining functional connections. The 

spontaneous activity (raw signal) of 1s of a neurospheroid recorded from one 

microelectrode of 3D MC and MH-MEA is shown in Figure VI-10c and Figure VI-10d, 

respectively.  

 

 
Figure VI - 10. Optical images showing neurospheroid at DIV 25 on, (a) 3D MC MEA with 
electrode profiles under the neurospheroid insert in red circle (scale: 50 µm) and (b) MH-MEA 
with electrode profiles under the neurospheroid insert in red circle (scale: 50 µm). Raw data trace 
recorded by one electrode placed below the neurospheroid plated on (c) 3D MC MEA, (d) MH-
MEA.  
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Figure VI - 11. Spontaneous activity recordings,raster plots showing 15 min of activity recorded 
by (a) 3D MC MEA, and (b) MH-MEA.  

A suitable resolution of the MH-MEA permits to clearly identify the onset of 

network events similar to what was observed with 3D MC MEA. The global 

electrophysiological behavior of a representative 3D network is shown in the raster 

plots, where 15 min of spontaneous activities are displayed (refer to Figure VI-11). In 

both MEA configurations, the activity recorded was related to a specific small group of 

electrodes (~5-8). This was due to the dimension of the neurospheroid (500 µm) that 

involved a low number of electrodes. The parameters extracted from the spontaneous 

activity recordings were analyzed for spike data (refer to Figure VI-12). 

Neurospheroids of 3D MC MEA presented values of MFR (0.80 ± 0.06 spikes/s), 

different from the MH-MEA (0.47± 0.04 spikes/s; p < 0.05) (refer to Figure VI-12a). In 

both 3D MEA configurations, some electrodes were active even far away from the 

neurospheroids during the recording. For this reason, after the recordings, the 3D 

cultures were observed under the microscope, and we noticed that some cells moved 

out from the neurospheroids to other electrodes from which firing activity was detected. 

Both 3D experimental configurations detected high and comparable spiking activity 

values (refer to Figure VI-12a). Regarding the bursting behavior, the two MEA 
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configurations shared similar values of MBR (refer to Figure 12b) and MBD (refer to 

Figure VI-12c); in particular, 3D MC MEA showed an MBR of 2.4 ± 0.57 (bursts/min) 

and values of MBD around 234.60 ± 67.39 (ms); while the values of MBR and MBD 

obtained by the MH-MEA recordings were around 1.99 ± 0.22 (bursts/min) and 214.83 

± 13.19 (ms) respectively.  

 

 
Figure VI - 12. Spike data analysis of recorded spontaneous activity. (a) Mean firing rate, (b) 
Mean bursting rate (MBR), (c) Mean burst duration (MBD), and (d) Percentual random spikes 
(%RS) (n = 5, where n is number of electrodes actively recording the electrophysiological signals 
for each MEA).  

This characterization indicated that MH-MEA could record spontaneous 

electrophysiological activity from mature human-derived neurospheroids, like the 

commercial 3D MC MEA. An indirect immunofluorescence technique was used to 

characterize neurospheroids onto the MH-MEA (refer to Figure VI-13). To this 

purpose, the samples were prepared for indirect immunostaining at the end of the 

recording session. Morphological characterization confirmed and supported the 

results obtained by electrophysiological measures. In particular, 3D neurospheroids 

composed of human iPSC-derived cortical neurons and astrocytes have mostly 

retained their spherical shape, creating a packed network of neuronal and glial 

processes correctly plated onto the active area of 3D MEA. In fact, the position of the 

neurospheroids corresponded to the active electrodes from which the spontaneous 

activity was recorded (refer to Figure VI-13a).  
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Figure VI - 13. Morphology of the neurospheroid plated on MH-MEA. (a) Fluorescence images 
of neurospheroid on MH-MEA and zoom of the same neurospheroid at DIV 30 marked for MAP-
2 (green), GFAP (red), and DAPI (blue). Scale bar: 250 µm, 100 µm. (b) Confocal images; max 
projection of neurospheroid at DIV 30 labeled for GFAP (red), MAP-2 (green), and merge).  

The presence of neurons and astrocytes was confirmed by positive staining with 

Microtubule-Associated Protein 2 (MAP-2), a protein highly expressed in neurons, and 

Glial Fibrillary Acidic Protein (GFAP), a protein expressed by astrocytes. Confocal 

microscopy characterization allowed us to gain information on the morphology of the 

3D structure of mature neuronal distribution of neural cells on the surface and interior 

of the neurospheroids (refer to Figure VI-13b). Specifically, the max projection 

obtained by a 3D reconstruction of 240 µm z-stack of the human neurospheroids 

immunolabeled for the dendritic marker MAP-2 and GFAP gave us a comprehensive 

view of the 3D neural structure, indicating that the MH-MEA supported healthy 

neurospheroids cultures that were not affected by any materials present in the 3D MEA 

arrays.  

VI.5 Chapter highlights 

 

 Technological Platform Optimization: We introduced an optimized external 

circuitry layout tailored to support the three stages of selective 
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electrodeposition using 3D MEAs consisting of electrodes with four distinct 

height levels. 

 Batch Fabrication: The fabrication process yielded a batch of eight 60-

channel MH-MEA devices, with electrodes organized into four groups 

based on their heights. This organization enables the precise probing of 

neuronal activity across multiple spatial dimensions. 

 Electrode Performance: Evaluation of the electrodes revealed low 

electrochemical impedance and noise measurement properties across all 

four groups, indicating the reliability and quality of the fabricated MH-MEAs. 

 Insights from Measurement: Detailed measurements provided valuable 

insights into the behavior of the electrodes across a range of frequencies, 

elucidating their performance characteristics and potential applications in 

advanced electrophysiological studies. 

 Efficacy in Electrophysiological Activity Monitoring: The multi-depth probing 

MH-MEA demonstrated efficacy in monitoring the electrophysiological 

activity of a 3D neuronal culture. This capability opens new avenues for 

studying complex neuronal activity in a three-dimensional setup. 

 MH-MEA Performance Evaluation: Recording spontaneous 

electrophysiological activity from mature human-derived neurospheroids 

using the MH-MEA yielded results comparable to those obtained from a 

commercial 3D MC MEA, indicating the reliability and effectiveness of the 

developed platform. 
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Chapter VII: Final comments and scope for 
further development  

VII.1 Accomplishments of the project 

A novel technological platform for developing variable-height 3D MEAs was 

designed and developed. The platform utilizes photolithography and template-assisted 

electrodeposition to produce a batch of 3D MEAs. The initial platform design included 

a custom circuitry external to the MEA layout to support two-stage selective 

electrodeposition, yielding 3D MEAs with three distinct electrode heights [91]. The 

custom circuitry was completed and manipulated using gold wire bonding to allow for 

selectivity during electrodeposition. The process successfully produced 3D electrodes 

with the desired mean heights; however, the heights of the 3D electrodes had a 

percentage standard deviation of 12%, indicating a very high nonuniformity in the 

electrode heights across an individual MEA and a batch of four MEAs. This constitutes 

the results and discussion presented in Chapter IV.  

An ultrasonic-enhanced template-assisted electrodeposition process was 

developed to achieve precise control over the height of the 3D electrodes and improve 

the uniformity of the heights of the electrodeposited 3D electrodes. This project 

investigated the effects of ultrasonic vibrations on the template-assisted 

electrodeposition of gold micropillars for constructing 3D MEAs. The research 

demonstrated that continuous ultrasonic bath-assisted electrodeposition led to a 

significant increase in the deposition rate, five times more than deposition without any 

agitation and more than double compared to agitated electrodeposition using a 

magnetic stirring bead. A significant improvement in the uniformity of the electrode 

heights was achieved using continuous ultrasonic vibrations throughout the template-

assisted electrodeposition process, leading to a standard deviation of less than 2% 

[189]. These constitute the results and discussions presented in Chapter V.  

The platform design was further optimized by reengineering the custom circuitry 

layout and manipulation mechanism to allow for three stages of the selective 

electrodeposition process. The circuit layout was engineered to allow reductive circuit 

manipulation using wet chemical etching instead of a time- and labor-intensive wire 

bonding approach. Using the optimized circuit layout and an ultrasonic-enhanced 

template-assisted electrodeposition process, variable-height 3D MEAs (MH-MEAs) 

were fabricated. The MH-MEAs consisted of electrodes with four distinct height levels, 

ranging between 0 and 120 µm, with a standard deviation of 2 µm. Rigorous testing 

and characterization of the 3D electrodes demonstrated low electrochemical 

impedance and noise across all electrode groups. This thorough analysis provided 

valuable insights into the electrode behavior across different frequencies, highlighting 

the potential of the fabricated MEAs for advanced electrophysiological studies. 

Electrophysiological activity recordings conducted using MH-MEAs showed efficacy in 

monitoring the electrophysiological activity of 3D neuronal cultures. To evaluate the 
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performance of the MH-MEA, a commercial 3D MEA (3D MC) consisting of uniform 

height 3D electrodes was used as a control since no commercial variable height 3D 

MEA was available. The ability to record spontaneous electrophysiological activity 

from mature human-derived neurospheroids is comparable to that of commercial 3D 

MEAs, validating the device’s ability to perform electrophysiological investigations 

[190]. It is essential to highlight that the commercial 3D MEA recorded the activity from 

a single plane in the z-dimension within the neurospheroid. In contrast, the MH-MEA, 

consisting of electrodes with four distinct heights, recorded the electrophysiological 

activity from 4 different planes in the z-dimension, including the surface layer of the 

neurospheroid. These constitute the results and discussions presented in Chapter VI. 

VII.2 Limitations of the proposed methodologies 

The proposed technological platform offers advantages over other platforms, 

such as batch production of variable-height 3D MEAs and high precision and 

uniformity in the heights of the electrodeposited 3D electrodes. However, the proposed 

methodology has two critical limitations that must be addressed. The first and 

significant limitation pertains to the aspect ratio of the electrodeposited 3D electrodes. 

Thus far, 3D electrodes with aspect ratios of up to 1:4 (width to height) have been 

successfully developed using a template-assisted electrodeposition approach 

[40,189]. Further process optimizations could potentially improve the aspect ratios of 

the electrode to a certain limit, which still needs to be investigated thoroughly. Although 

the electrodeposited 3D electrodes cannot attain the high aspect ratios offered by 

state-of-the-art 3D-printed 3D MEAs [39], they successfully address the limitations of 

3D electrodes concerning electrode conductivity and post-processing issues [49]. 

The second major limitation of the proposed methodology is electrode density. 

The platform uses an ultrasonic-enhanced template-assisted electrodeposition 

process to fabricate 3D electrodes, where the template bears long exposure to 

ultrasonication vibrations, leading to slow substrate-template adhesion failure. The 

smaller pitches required for high-density arrays could accelerate the substrate-

template adhesion failure. 

VII.3 Further development 

To advance the capabilities of three-dimensional (3D) Microelectrode Arrays 

(MEAs), future developments may focus on several key areas to enhance their 

functionality and versatility further. First, researchers could aim to enhance the 

precision and control of the electrodeposition process by refining the circuitry design 

and integration to support additional stages of selective electrodeposition. This would 

enable the creation of more intricate and customizable 3D electrode structures, 

ultimately leading to improved spatial resolution and deeper penetration into the 3D 

neuronal constructs. Such advancements could significantly expand the application 
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range of 3D MEAs for studying complex neural networks and probing deeper layers of 

tissue. 

Second, efforts should be directed toward developing electrodes with higher 

aspect ratios and electrode density for enhanced spatial resolution. By optimizing 

fabrication techniques and materials, researchers can strive to create electrodes with 

taller and narrower profiles, thus enhancing their ability to record neural activity from 

deeper tissue layers. This development could lead to a more comprehensive 

understanding of the neural circuitry and facilitate the development of targeted 

therapies for neurological disorders. 

Furthermore, integrating 3D MEAs with complementary metal–oxide 

semiconductor (CMOS)-based chips and integrated electronics represents another 

promising avenue for future development. By directly integrating electrode arrays with 

CMOS circuitry, researchers can streamline data acquisition, processing, and analysis 

while reducing the device footprint and power consumption. This integration could 

pave the way for more compact and efficient neural recording systems suitable for 

various research and clinical applications [40]. 
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