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Abstract 

 

It has been a perpetual desire for human being to understand our own intelligence. 

Following the series of breakthroughs in the 20th century, neuroscience has enjoyed the spotlight 

being one of the most promising and rewarding field of science in the 21st century. Yet the steps 

of neuroscience have slowed down partly due to the lack of appropriate tools. Electrophysiology 

is one of the most fundamental aspects of brains sciences as neurons use electrical signals to 

perform computations in a network, many also believed these electrical signals are the 

underlying mechanism of higher functions like memories. Electrode based techniques are the 

most universal tools used in neuron electrophysiology, and they can be categorized into two 

large groups: intracellular electrodes and extracellular electrodes. Intracellular electrode, e.g. 

patch clamp electrode, can provide detailed information of a neuron’s full electrical signal but 

they are hard to operate and almost impossible to scale up. Extracellular electrode, e.g. Multi-

electrode-array, can command thousands of electrodes in parallel yet their signals are often noisy 

and mixed up. Facing this challenge, this dissertation work strives to combing the intracellular 

power of nanoscale electrode with the multiplexing capability of Complimentary-Metal-Oxide-

Semiconductor (CMOS) electronics and build a platform of high-throughput electrophysiology.  
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Chapter one gives a more detailed introduction of the development of electrophysiology for 

neuroscience and the challenges facing electrode-based techniques. It also provides a review of 

the state-of-the-art development for both intracellular techniques and extracellular techniques.  

Chapter two describes our experimental efforts for the CMOS Nano Electrode Array 

(CNEA) device platforms. It starts with the inception of idea and the advantage of introducing 

CMOS electronics into nanoelectrode arrays. Then we discussed in detail the CMOS circuit 

design, fabrication and packaging of the device. Finally, we demonstrated the platform’s 

capability of massively intracellular recording on neonatal rat cardiomyocyte cells.  

Chapter three continues on the same concept with the new generation of CMOS Neuro-

Electrode Interface (CNEI) device system. In addition to basic CMOS circuit design and the 

fabrication process, this chapters emphasizes the improvements we made for this new generation. 

These improvements enable us to study the more delicate and yet more interesting neonatal rat 

neuron cultures and finally perform mapping of their synaptic connections.  

Chapter four represents one of the later developments of the platform where we customize 

the electrode interface and use it for brain slice applications.  
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Chapter 1  

 

Nano device for electrophysiology  

1.1 Introduction 

Human intelligence has been a long-lasting mystery to mankind, where do our emotions, 

feelings, memories and ideas come from? This curiosity has driven mankind to religions and 

superstitions in the past, but with the advent of scientific methods and modern medical sciences, 

we begin to realized that all those amazing human intelligence may just be the bio-chemical 

reactions happening in a vital human organ known as the brain and this realization draws the 

curtain of modern neuroscience.  

Early neurosciences developed with clinical sciences and histology. By studying a small 

number of patients who suffered brain damage but was fortunately to survives, early 

neuroscientist was able to form a vague idea of different brain regions representing different 

functions1. Later on, the development of histology and microscope enabled neuroscientists to 

gain an insider look of the brain microstructures for the first time. As many of them believed at 

that age, “the gain in the brain, mainly comes from the stain”1. The microscopic analysis 

demonstrated for the first time the composition of brain with neuron cells, and also laid the 

groundwork for neuron morphology with axons and dendrites. Ever since their discovery, 
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neurons have played a central role in neuroscience development, and the 20th century and the 

start of the 21st century has seen explosive understanding of the brain functionality.  

With the advancements of physics branching into electronics and optics, chemistry evolving 

into biochemistry, neuroscientist are discovering more and more of neuron’s physical and 

physiological properties. The intuitive understanding of different morphology of neurons now 

looks into the more profound difference in neuron genotypes, and category cells more with their 

genetics than their shapes. The naive inference that all neurons are connected together as one 

large biological system has been replaced by detailed SEM and TEM characterization of cell 

membrane and synaptic connections confirming that each neuron are isolated entities and they 

mostly communicate with chemical synapse. The once occasional discovery of functions of 

different brain regions on different survival patients now can be performed and verified with 

MRI scanning of participants exercising different tasks. Nevertheless, among all the great 

discoveries, the breakthrough of understanding the electrophysiology of neurons is arguably the 

most fundamental one.  

Bioelectricity has been discovered almost at the same time as people start to tame the 

charges, with Volta and Galvani being the pioneer of both while they studied the leg movement 

of dead frogs when stimulated with electricity. In the 1940s, Kenneth Cole, Alan Hodgkin and 

Andrew Huxley kicked off the modern neuron electrophysiology when they first inserted fine 

electrode into the squid giant axon and performed intracellular measurement of neuron action 

potentials2. Their later pioneering work in developing the current clamp, voltage clamp 

techniques and building the mathematical model for neuron firing won them a worth Nobel Prize 

on 1963. From their initial discovery, neuron scientists have expanded the universe of neuro-

electrophysiology and attributed many of the most fundamental neuron functions to their 
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electrical activities. For example, the most simplified view of neural network considers the 

neuron as an electrical node which receives electrical signal from its dendrites and pass them 

onto the axons1. In the meantime, the 1st order approximation considered neurons just as a 

summation with threshold, when the received signals on the dendrites end sum up and pass the 

threshold it passes on the signal to its axon, otherwise it will not fire and the signal pathway ends 

here. Since the neuron synaptic connections can be either positive (excitatory) or negative 

(inhibitory), a unique connection of neural network and a specific distribution of synaptic weight 

(strength of the signal) can perform subtle and complicated computation tasks. Many people also 

believe that the medication of the synaptic strength is how we build memories and recall them. In 

summary, although neuron science have seen tremendous development on many different fronts 

including genetics, biochemistry and cellular physiology, the electrical property of the neuron or 

neuron electrophysiology still is believed to be the center most stepping stone to our ultimate 

understanding of the brain. This view of the neuroscience has led to a plethora of techniques 

being developed for studying the electrical activity of the brain, most of the which can be 

categories into intracellular techniques and extracellular techniques.  

It is worth mentioning that electric or electrode-based techniques are not the only method 

available to study the neuron electrophysiology. In the past two decades, we’ve seen huge 

improvement with optical techniques to study electrophysiology, Optogenetics3, Calcium 

Imaging4 and Genetically Encoded Fluorescent Indicators5 have become popular techniques 

thanks to many of their benefits. For example, they provide genetic specificity, large field of 

view and subcellular resolutions and with generations of optimizations the state of art techniques 

can be used for simultaneous stimulation and recording of electrical signals in live free moving 

animals already. On the other hand, they still need to overcome laser heating, photo-bleaching 
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and penetration depth limitation problems, moreover, their reliance on genetic modification 

made it significantly challenging to go through regulations and apply these techniques on human 

patients. For the scope of this dissertation, we will focus our discussions only on the electrode-

based techniques.  

1.2 Intracellular and extracellular techniques  

As is discussed in the last section, neuron’s electric activity has been considered to the be 

fundamental property underlying many of our intelligence like memory and thinking. To be more 

specific, it’s the electrical voltage across the neuron’s cell membrane and the electrical current 

passing through the neuron’s cell membrane, these two are the two side of the coin and for the 

purpose of simplicity we’ll only focus on the neuron’s electrical activity in voltage. All healthy 

neuron cells have a stable voltage difference between the inside of the cell and the outside of the 

cell, during the resting state or normal condition, this voltage is known as the resting potential. 

And it’s usually around – 70 mV. However, when the neuron fires – the act of generating a 

signal – the membrane voltage quickly rise to ~ + 10 mV and then goes back to – 70 mV leaving 

a peak on the electric recording machine, this signal is known as an Action Potential (AP) and 

has been preserved between many species. AP has some unique properties, all the APs by the 

same neurons are the same, they have the same amplitude and same duration – usually ~ 80 mV 

in amplitude and 3 – 5 ms in time –  it’s the timing or frequency of the AP that carries 

information not the AP waveform itself. Having said that, AP waveform are important indicators 

of the cell’s health as we’ll see in our later experiment. In addition to AP, neurons also have 

another signal known as Post-Synaptic Potential (PSP) and these signals come from synaptic 

connections with other neurons. When the upstream or pre-synaptic neuron fires an AP, the 
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signal propagations down its axon and releases neurotransmitters at the synaptic connection of 

the downstream or post-synaptic neuron. The neurotransmitters  trigger the neurotransmitter 

receptor to open and introduce selective ions into the post-synaptic spines and thus cause PSP, 

depending on which ion the channels are selective to, the PSP could either be positive (excitatory 

PSP, EPSP) or negative ( inhibitory PSP, IPSP). The PSPs are usually 1 ~ 10 mV and last for ~ 

10 ms, they are a much slower and much smaller signal than the AP. Due to the nature of neuron 

electrical signal residing on the cell membrane, majority of electrodes techniques can be 

categorized into two groups depending on their relative location to the cell membrane: 

intracellular techniques or extracellular techniques.  

1.2.1 Intracellular electrode  

Intracellular techniques place their electrode inside the cell, therefore usually have better 

signal to noise ratios. The most prevalent intracellular electrode is the patch clamp electrode, the 

direct descendent of the technique used by Hodgkin and Huxley. Patch clamp electrode is 

technically a solution electrode, it consists of a tapered glass pipette with a tiny opening on the 

order of 1 µm.  During operation, the pipette is filled with salty solution to serve as the electrode, 

and an Ag/AgCl electrode is immersed in it to connect the solution electrode to external 

electronics. The pipette is manually place in close proximity of the neuron to be recorded and 

then the tiny opening is pressed against the cell membrane and a slight suction is applied to form 

a tight seal around the membrane with the opening. This seal is called a giga-seal as the electrical 

resistance of a successful seal would exceed 1 GΩ, preventing any leakage current. Later a 

strong yet sudden suction is applied to the tip to rupture the cell membrane enclosed by the giga-

seal and gaining intracellular access. Because a small patch of cell membrane is removed for 
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intracellular access and the cell’s voltage or current is fixed or clamped by the electrode 

afterwards, this technique is known as the patch clamp. There are also a lot of variations of patch 

clamp like perforated patch where pharmaceuticals are used to make the patch membrane porous 

rather than rupture it enabling longer recording time, also inside-out and outside-out 

configurations that break the patch membrane away from the whole cell membrane and thus 

study the ion channel properties alone. Nevertheless, patch clamp is by far the most popular 

intracellular technique and it has brought a large portion of our understanding of the neuron’s 

electrophysiology at the cellular level.  

The biggest advantage of patch clamp is its sensitivity and controllability. Because the 

solution electrode offers a low impendence pathway and the gigaseal prevents any leakage, the 

patch clamp can measure all neuron electrical activities in almost full amplitude with little 

distortion. In addition to that, patch clamp can switch between voltage clamp and current clamp 

configuration and thus perturb the cell with both stimulation and recording, isolating complex 

behavior into simple elements. The glory of patch clamp comes with its own short comings too. 

Although the interface with the cell is a tiny, micro-meter opening on the glass pipette, the glass 

pipette itself – 1 mm in diameter and center meter long – is an huge object compared to a neuron, 

so it cannot be integrated easily with each other when you are trying to measure many neurons at 

the same time. To make things worse, patch clamp interface is delicate and usually last less than 

30 min yet the setting up process is labor intensity and tricky. This makes it extremely hard to set 

up a large number of patch clamps sequentially and measure from them simultaneously, the state 

of art of parallel patch clamp remains at ~ 10 electrode level6. In short, patch clamp has 

unprecedented sensitivity and controllability yet is tremendously challenging to be scaled up.  
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Facing the complications and limitations of liquid intracellular electrode, multiple research 

groups are actively exploring solid state intracellular electrode. There are two main promises of 

using solid state electrode: first, they are tiny compared to the bulk glass pipette electrode – 

usually in the size range of 100 nm to 1 µm – therefore they have the potential to be integrated; 

secondly, they do not suffer from the solution exchange problem plaguing the patch clamp 

pipette, thus promises longer interrogation times in principle. Most solid-state intracellular 

electrode take the form of vertical nanowire or nanopillar electrode, as researchers believe they 

could penetrate cell membrane like needles and achieve intracellular access (Figure 1.1).  

 

Figure 1.1 Various nano-electrode geometries for intracellular recording. (i) patch clamp glass tube, (ii) kinked 
nanowire7, (iii) CVD grown vertical nanowire8, (iv) Vertical nanowire on SOI wafer9, (v) gold mushroom10, (vi) 
sapphire vertical nanowire11, (vii) hallow nanowire tube FET12, (viii) Pt vertical nanowire13, (ix) IrO2 tube 
nanowire14. Illustrations of the nanoelectrodes listed in Table 1 drawn to the same scale. The background is the 
typical size of a rat neuron soma and axon. 

 

Our lab led by Prof. Hongkun Park together with other lab have pioneered the nanoelectrode 

for intracellular access at 2013. In the first publication, they used ebeam lithography and dry 
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etching to define vertical nanowires with a diameter of 100 nm and a height of 2 µm on SOI 

(silicon on insulator) wafers to build the Vertical Nano-Electrode Array (VNEA) device9. They 

also demonstrated using current clamp technique to perform single site intracellular recording 

and stimulation from neonatal rat cortical neurons and later characterized a small network 

working in conjunction with patch clamp technique. To date this work remains one of the very 

few publications that successfully interfaced with neuron cells. Prof. Bianxiao Cui’s lab from 

Stanford University in the same time developed vertical nano-electrode with a diameter of 150 

nm and a height of 1 µm using Pt Focus Ion Beam (FIB) deposition on quartz substrate13. These 

nanoelectrodes successfully achieved intracellular access after electroporation and measured 

self-pacing electrical acclivities from HL-1 cell lines similar to heart cells.  

Other solid-state electrodes varies from the standard pillar electrode geometry yet operate 

similarly in nature. Prof. Micha Spira’s lab from The Hebrew University of Jerusalem 

spearheaded the micro gold mush room electrode (µGME) where mushroom shaped electrode 

are made with stepper photo-lithography and electrodeposition of gold15. They have 

demonstrated successful intracellular and high-quality recording of snail neurons10 and rat 

cardiomyocytes16, yet neuron recordings remains inconclusive. Prof. Charles Lieber’s lab from 

Harvard University used hollow silicon nanowire12, kinked silicon nanowire7 or U-shaped silicon 

nanowire based filed effect transistor17 (FET) to perform intracellular measurements from 

chicken cardiomyocytes and rat neurons. The FET is unique in that its sensitivity does not 

degrade and thus can achieve almost full amplitude recording similar to patch clamp electrodes. 

Similarly, most of the FET nanoelectrode demonstrated so far operate like a patch clamp and 

requires individual micro manipulation.  
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It is worth noticing that despite the tremendous improvement made by the nanoelectrode 

community, we have yet to realize the two promises made by solid state electrodes and the 

promise of scalability remains the biggest motivation for my thesis work. 

1.2.1 Extracellular electrode  

Extracellular electrode, on the other hand, does not care about inserting the electrode into 

the cell, they rely on the asymmetry of cell electrical property and capture part of the current 

flowing through extracellular space to perform recording. The original extracellular electrode can 

be traced back to the discovery of bioelectricity by Volta and Galvani where they just used metal 

clamps to stimulate the frog leg. Evolving based on this simple idea are the current day 

extracellular tungsten electrode and tetrode18. Those are electrodes made of single or multiple 

long metal wires with an opening of ~ 10 µm , dimeter of around 100 µm and few centimeters 

long. These electrodes are cheap and easy to make, they can readily inserted into the brain of live 

freely moving animal to study their brain activities within a certain region during certain 

cognitive tasks. On the flip side, those electrodes often measure tens of neuron’s activities at the 

same time and the signals are mixed up in one channel and sophisticated spike sorting programs 

have to be performed to isolate the electrical signals out and the signals are usually noisy too. 

Nevertheless, tungsten electrode and tetrodes are still mainstream tools for studying brain in live 

animals and have inspired FDA approval treatment of Parkinson’s disease with deep brain 

stimulation18.  

Another direction for developing extracellular electrode is the advancement of Multi-

Electrode Array (MEA)19, these are planar electrode placed in an array fashion and perform 

parallel measurement of the cell culture or brain slice that is sitting on them (Figure 1.1). Similar 
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to the solid state nanoelectrodes, those MEA devices also took advantage of the rapid 

development of micro and nano fabrication techniques spearheaded by the semiconductor 

industry. Early generations use photolithography and metal deposition techniques to put Au or Pt 

pad with traces on non-conductive substate like quartz or silicon with oxide layer to build the 

device20. These proof of concept devices demonstrated the feasibility of perform extracellular 

measurement with planar electrode and the potential to achieve parallel measurement. However, 

this kind of schematic soon run into problems as the array number scale up, routing the pads in 

the center to the connections on the periphery become harder and harder and this limited the 

array size to at most hundreds of pads in parallel. Again, the breakthrough comes from the 

development of semiconductor industry, researcher realized that we could build planar electrode 

together with electronics on the same chip using the advance manufacturing techniques 

developed by the consumer electronics industry – most noticeably the Complementary Metal 

Oxide Semiconductor (CMOS) technology. CMOS technology allows researchers from 

university to get access to state of art fabrication capabilities outside of academia setting, 

perform routing on multi-layers of metal and enable signal mixing and multiplexing on chip. 

From that point, modern MEA has fully unleashed its potential for scalable recording and has 

brought the parallel electrode number to the thousands range or even higher21. Due the limitation 

of 2D array nature, these electrodes can only be used for in vitro (dissociated cell culture) or ex 

vivo (tissue slice) preparations. Recent attempts have tried to package these devices into 

traditional tungsten electrode form factor as a shank, therefore it can be inserted into the brain of 

live animal and perform parallel recordings while the animal is freely moving22. This provides 

unprecedently opportunity for large number neural signal recording or stimulation in deep brain 

regions. Nevertheless, those MEA devices have one fundamental flaw that they rely on planar 
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extracellular electrodes for recording and stimulation and these electrode all suffer from low 

sensitivity, poor registration, mixed signal and signal distortion. The advancement of on both 

fronts of nanoelectrode devices and CMOS based extracellular devices have greatly motivated 

this thesis work. 

 

Figure 1.2 | Different types of extracellular electrodes.  (a) Tetrodes for in vivo measurement. (b) CMOS Multi-
electrode array (MEA) for in vitro measurment. (c) new shank-sized CMOS MEA for high channel count in vivo 
measurement.  

 

1.3 Conclusion 

As is discussed in the previous paragraphs, neuron’s electrical signal plays a central role in 

our understanding of the brain functions and treating neurological diseases. Electrode based 

techniques are the mainstream techniques for measuring neuron behaviors, and they can be 

categorized into two groups: intracellular techniques and extracellular techniques. Intracellular 

technique is represented by the patch clamp where it can record in full amplitude neurological 
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signals, however it’s hard to operate and almost impossible to integrate. Nanoelectrodes have 

emerged as q novel new trend for intracellular techniques, they have demonstrated their 

capability of performing sensitive interrogation, but they are yet to realize their potential of being 

scaled up. Extracellular electrode dates back to the time when bioelectricity was discovered with 

metal pieces, and they have evolved into tungsten electrode and tetrodes that dominate live 

animal electrophysiology experiment. On a different note, advances in semiconductor 

manufacturing has allowed the emergence of MEA devices and its marriage with CMOS 

technology for large electrode count and multiplexed shanks. Yet all those extracellular 

electrodes suffer from the fundamental drawback of signal quality.  

This dissertation work aims to bring the benefits of intracellular techniques and extracellular 

techniques together to build a platform that can perform massively parallel measurement with 

high sensitivity. We achieve this by building nanoelectrode with intracellular capabilities on 

scalable CMOS MEA devices. In chapter two, our first generation of device – CMOS Nano 

Electrode Array (CNEA) devices – demonstrated for the first time scalable intracellular 

measurement on rat cardiomyocytes.  In chapter three, our second generation of device – CMOS 

Neuro Electrode Interface (CNEI) devices – optimized on all aspects of the first generation and 

achieved even higher quality measurement and larger number of cells with neonatal rat neurons. 

Afterwards in chapter four, we are still exploring the application of the devices in brain slice 

measurement.  
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Chapter 2  

 

CMOS Nano-Electrode Array (CNEA) Device 

2.1 Introduction 

As is mentioned in the previous chapter, we aim to build a platform that can combine the 

senility of intracellular electrode together with the scalability of extracellular electrode, and we 

plan to do so by building nanoelectrodes on top of CMOS circuit. As our lab has demonstrated 

the capability of nanoelectrode for intracellular recording, the next step is to introduce CMOS 

circuits, and there are a number of benefits of introducing CMOS into the device:  

1. Simplified connection and higher scalability  

The most apparent improvement with the introduction of CMOS circuit is that we can 

now support more electrodes working simultaneously on the same chip then we can 

ever do with passive devices. The reason is more on the communication side than on 

the fabrication side. Granted, industrial photolithography techniques can define fine 

features with a tiny fraction of the time needed for university ebeam lithography 

machine, yet this is not the main limitation here why we cannot put more electrodes 

on our passive device. With the original VNEA device, each electrode requires a 
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conductive wire to the Input/output (IO) pad on the edge of the chip, then it will be 

wire-bonded to an external PCB board which connects a dedicated BNC cable for this 

channel. Having more electrodes on the chip means we need a lot wire wire-bonding 

and a lot more BNC cables, and the number of connections soon become unrealistic 

reaching the hundreds to thousands level. On the other hand, with the help of CMOS 

circuit, we can build signal multiplexers right inside the chip with the nanoelectrodes, 

therefore hundreds of nanoelectrode’s signal can be multiplexed into one wire and 

pass out with just one cable, significantly improving the number of electrodes we can 

support for our external setup.  

2. Improved signal quality  

The other hidden benefit is the improved signal quality. When people discuss 

intracellular recording, it is often neglected that the signal picked up from the cell on 

the electrode side will need to be propagated out to external electronics like 

amplifiers to be stored and analyzed. This is not really a problem for patch clamp 

technique as the bulky patch pipette class electrode offers a low conductive path to 

external electronics but for nano electrodes this has exert a significant problem as the 

long and highly resistive path on chip significantly attenuates the signal quality. With 

the help of CMOS electronics, however, we can put amplifiers on chip right at the 

place of nanoelectrodes therefore amplify the signal right at the place where it is 

picked up before is passed out to external electronics. This will tremendously help 

with our signal to noise ratio. 

In fact, since the initial demonstrations of the nanoscale electrodes for electrophysiology, 

their integration with CMOS electronics has been recognized as a logical next step9,23–27 but such 
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integration, which entails post-nanofabrication on a CMOS chip and synergic electrical interface 

design as demonstrated here, has thus far remained to be a substantial technical challenge. This 

dissertation work now try to tackle these technical challenge, starting from the custom CMOS 

circuit design.  

2.2 CMOS circuit design and characterization  

The custom CMOS circuit is designed by my collaborator Dr. Jeffrey Abbott and Dr. Ling 

Qin, for the coherence of the project I’ll be introducing the circuit functions and characterization 

here, but I will not dive into the design details.  

We custom designed the IC using the 0.35-µm CMOS technology. It contains an array of 32 

× 32 = 1,024 pixels with a 126-µm pitch. The pixel array is located in the center of the device 

while control circuits and I/O components are placed at the periphery. Each pixel consisting of 

an amplifier to record electrophysiological events, a stimulator to manipulate membrane 

potential, and a memory to switch the pixel operation between recording and stimulation (Figure 

2.1a). The amplifier consists of a low noise amplifier (LNA) followed by a variable gain 

amplifier (VGA). The front-end LNA is the most critical building block in setting the sensitivity 

of the overall amplifier, while the VGA provides an additional gain with tunability. The IC also 

includes, outside the pixel array, a global circuitry to control the array operation, such as analog 

multiplexers for virtually simultaneous readout of all pixels at a sampling rate of 9.75 kHz. 

Within each pixel, the amplifier and stimulator are connected to a metallic pad on the IC surface 

(Figure 2.1c), on top of which we will build the nanoelectrode array (discussed later). The pixels 

have a maximum power consumption of only 12 µW, this is of critical importance as the cells on 
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the system needs to be kept at physiological temperature during the circuit operation and this 

power limitation has exert a lot of constraint on the performance of the circuit. 

 

Figure 2.1 | CMOS circuit design. a, CMOS ICs on 8” wafers fabricated by the 5.0-V 0.35-µm CMOS technology. 
Each wafer contains 256 ICs. b, IC with a 32×32 array of pixels at the center. c, Four pixels in the 32×32 array. 
Under each pixel pad lie an amplifier, a stimulator, and a memory. d, The three major building blocks of the CMOS 
pixel circuit are a 10-bit digital memory, a stimulator accompanied by a 3:1 input MUX, and an amplifier consisting 
of a low noise amplifier (LNA) followed by a variable gain amplifier (VGA). Each pixel also includes a single input 
of a 128:1 output multiplexer and a metallic pad in which nanoelectrodes are post fabricated. e, The pixel layout of 
these building blocks is from the computer aided design (CAD) software (Cadence) due to the underlying structures 
being difficult to image in the actual IC. The figure separately shows important passive components, such as an on-
chip blocking capacitor at the amplifier input, and pn junction diodes in the amplifier feedback paths. 

 

Measurements of the pixel amplifiers confirm uniform gain across the target frequency 

range µVrms (Figure 2.2a)  and throughout the 32 × 32 array µVrms (Figure 2.2b), with an  
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input referred noise of ∼250 µVrms (Figure 2.2e) and a pixel power dissipation of 12 µW. The 

biasing of the IC is facilitated by digitally programmable low-noise voltage regulators on the 

printed circuit board where the CMOS IC is mounted. They provide the IC with a power supply, 

5 V, and amplifier input biases , with reference to chip ground. The chip ground is 

programmable from -5.0 V to +5.0 V with 1-mV accuracy with respect to the potential Vref of 

the Ag/AgCl reference electrode in solution, which we set at earth ground; the amplifier input 

 

Figure 2.2 | Circuit performance. a, Measured amplifier transfer function (the ratio of the amplifier output voltage 
(Vamp) to the nanoelectrode voltage (Vne)) at maximum gain of the two types of amplifier (high-gain/low-gain). 
These two amplifier configurations are implemented to explore design tradeoffs (Supplementary Discussion 1). 
Typical bandwidths of membrane oscillations (MO), postsynaptic potentials (PS), and neuronal action potentials 
(AP) are juxtaposed25. b, Heat map of maximum gain at 100 Hz across an array. the top half amplifier design 
exhibits a maximum gain of ~375 V/V while the bottom half demonstrates ~150 V/V due to design tradeoffs. c, 
Heat map of nanoelectrode currents, Ine, across an array at 1.5 V vs. Ag/AgCl reference electrode. From this current 
measurements, we can determine the pixels suitable for electrophysiology experiments: a small number of pixels 
with nanoelectrode currents less than ~30 pA are deemed as non-operative. d, Output voltage noise of a typical 
amplifier. e, Heat map of amplifier input referred noise across the array. f, Histogram of input referred noise with a 
0.1 mV bin (2 outliers about 3 mVrms omitted). 
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biases are programmable with 0.5 mV accuracy. This biasing scheme allows pixel stimulators to 

produce both positive and negative voltages with respect to Vre. The 5V voltage range play a 

crucial role in providing a large enough voltage for our electroporation needs (discussed later) 

and the floating design of the circuit with respect to earth ground and Ag/AgCl electrode helps 

minimize leakage current from output buffer and enable integration of commercially available 

patch clamp setups.  

2.3 Nanoelectrode array fabrication and device packaging  

After designing the customized CMOS circuit, the design is sent out to be made by external 

CMOS foundries, in this case Taiwan Semiconductor Manufactory Company (TSMC) and sent 

back to us as wafers. Afterwards, the wafers are diced into individual chips and nanoelectrodes 

are fabricated onto the CMOS circuits here in Center for Nanoscale System at Harvard 

University. The fabrication process is as follows:  

1) Perform lithography, sputtering and lift off to cover the electrode surface with 25 nm Ti 

and 200 nm Pt. One of the problem we ran into during nanowire wet etch is that the 

etchant will attack the underlying metal and damage the adhesion of the wire thus causing 

wires to fall down. By covering the Al pad with post-deposited Ti/Pt layer, the SiO2 

nanowire adhesion is much better and the devices also immune from Al water reaction 

problem later.  

2) Deposit 3 µm of SiO2 with PECVD. The biggest change compared to the original VENA 

work is that VNEA relies high temperature process (thermal oxidation) to control 

nanowires diameter while the CMOS cannot tolerate any temperature above 350 C which 

will affect the doping profile. In addition, VNEA etch the SOI wafer substrate material 
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into nanowires while the CMOS has to rely on addition of material to build the nanowire. 

Therefore, we choose to use SiO2 as the structural material for nanowire because it can be 

isotropically etched and to use PECVD as the deposition method as it strikes a balance 

between material quality and temperature.  

3) Perform stepper lithography and dry etching to define the rough pillars for the nanowires. 

Due to the large numbers of the wires (9 x 1024) and the relatively large surface area (4 x 

4 mm) we choose to use the fast stepper lithography instead of ebeam lithography to 

define the masks. Then the oxide is etched in a Deep Oxide Etcher (DOE) to form 1 µm 

in diameter and 3 µm tall pillars. Due the lack of appropriate tool in CNS when the 

project is initiated, this part of the fabrication is done by Brian in the cleanroom of 

University of Michigan, Ann Arbor.  

4) Wet etch the nanowire to shrink it down to nanometer scale. The wet etch is done with 

5X diluted Alpad Etch, a oxide etchant that has high selectivity over Al so that we 

minimize the attack on the Al pads. At this concentration the etchant has a etch rate ~ 100 

nm/min and with alternating wet etching and SEM imaging, we are able to shrink the 

oxide pillars from 1 µm diameter to ~ 100 nm in diameter. The wet etch itself is mostly 

uniform and the variation of the nanowire diameter mostly come from the lithography 

and etching step.  

5) Photolithography, sputtering metal and lift to cover the SiO2 nanowire with 5 nm Ti and 

25 nm Pt so that it become conductive. The Lithography has to be done with LOR20B 

and S1813 photoresist so that it has large enough undercuts even for the sputtering metal 

to break on the bottom to facilitate lift off. The lift off also has to be done with the chip 
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hold upside down so that the metal will fall off naturally instead of tangled on the 

nanoelectrodes.  

6) Perform Atomic Layer Deposition (ALD) to deposit 20 nm of SiO2 and 200 – 400 nm 

Al2O3 to passivate the metal pad. The native CMOS circuit has 80 x 80 µm of Al pad 

opening yet we are only using the center ~ 10 x 10 µm for the nanoelectrode array, 

therefore we use these passivation layer to protect the unwanted metal opening. The 

reason behind two materials of passivation layer is the tradeoff between passivation 

capability and pattern resolution: the thick Al2O3 is used to insulate around the large pad 

opening and the thin SiO2 is used to insulate around the fine nanoelectrodes.  

7) Photolithography and wet etching to remove the thick Al2O3 layer around the 

nanoelectrodes. In this step we open up 20 µm circle around the nanoelectrode and use 

80C hot bath of Transetch-N to remove Al2O3. Transetch-N is an Al2O3 etchant which 

high selectivity for SiO2 so that we can make sure excessive etching will not damage the 

nanoelectrodes.  

8) Photolithography and metal sputtering to define the light blocking layer. One challenge 

during the later operation of the experiment is that the diodes in the CMOS circuits are 

extremely sensitive to light, therefore we have to conduct all experiment in pitch black 

and the setup is incompatible with microscope. To solve this problem, we added this step 

of metal light blocking layer to cover all the transparent regions on the device so that the 

device can operate in normal light. The light blocking layer consist of 100 nm silver or 

100 nm Pt.  

9) Tip exposure. One of the final steps is to remove the oxide from the nanoelectrode, for 

this we will spincoat a thin ebeam resist (PMMA 950 C2) to cover the base of the  
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nanoelectrodes leaving the tip expose. Then use a quick oxide etch (BOE 5:1 10 ~ 20 s) 

to move the ALD oxide on the top of the nanoelectrode tip. PMMA is used instead of 

normal photoresist is because we found PR has a strong adhesion and will wrap around 

the nanoelectrode forming a small bump instead of covering just the base.  

10)  Photobiography and wet etching to re-opening the wire-bonding sites pads. This gives us 

access to the underlying Al pads on the CMOS for wire-bondings. 

The simplified process flow for key fabrication steps are summarized in Figure 2.3. 

After all fabrication steps, the device will continue with packaging procedures to prepare it 

for connecting to external electronics and cell culture.  

1) Use double sided top to tape the device onto the cavity of a Ceramic Pin Grid Array 

(CPGA) chip carrier. The CPGA is chosen because it can be placed in incubator with 

 

Figure 2.3 | Simplified fabrication process flow for CNEA nanoeletrodes. a, A 3-µm thick SiO2 layer is 
deposited on the pixel pad using plasma-enhanced chemical vapor deposition (PECVD). b, Stepper lithography and 
dry etching defines a 1-µm diameter vertical SiO2 pillar. c, Further wet etching creates narrow SiO2 pillars of ~100-
nm diameter to form the core support for the nanoelectrodes. d, 5-nm thick Ti and 20-nm thick Pt are sputtered on to 
SiO2 pillars to form a conductive coating of the nanoelectrodes. An additional 20-nm thick SiO2 passivation layer is 
deposited using atomic layer deposition (ALD). e, A spin-coated thin resist is used to protect the base insulation 
while a wet etch is used to expose the metal tip. f, Finished nanoelectrodes: the exposed metal tip in solution allows 
for electrical interrogation while the pillar base and the pad are insulated with SiO2 to form a tight seal to cellular 
membranes. 
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minimum degradation over time and it can be coupled with with zero-insertion force 

socket to enable easier connection and disconnection of devices to external electronics.  

2) Perform wire-bonding from the device onto the Au pads on the CPGA.  

3) Use black viscous epoxy to bind inner Si ring and outer glass rings on the device and chip 

carrier respectively. Those rings prevent the later PDMS over flowing onto the electrodes.  

4) Pour uncured polydimethylsiloxane (PDMS) into the moats formed by the inner and outer 

ring. PDMS serves the dual function of protecting the metal wire bonding from the salty 

solution and provide a surface and chamber for cell culture.  

The cross section of the packaged the device can be seen in Figure 2.4. Characterization of 

the nanoelectrodes impedance showed a difference between sites with electrode and sites 

 

Figure 2.4 | Packaging schematic for CNEA devices. a, The CNEA chip (green and gold) is attached and wire-
bonded (grey) to a pin grid array chip carrier (purple and gold), obtained from Spectrum Semiconductor Material 
(San Jose, CA). A ~4 mm square inner silicon ring (dark green) is epoxied (MasterBond, Hackensack, NJ) in 
between the inner array and the wire-bonds, and a glass outer ring (dark blue) (Bioptechs, Butler, PA) is epoxied to 
the chip carrier. Polydimethylsiloxane (PDMS) (light blue) is poured in between the inner and outer rings to 
encapsulate the bonding wires and to form a well. b, Fully packaged CNEA device. 
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without. And array measurement confirmed that we have a high yield (> 95%) and uniform 

arrays of nanoelectrodes on the surface.   

One distinctive advantage of the CNEA device vs other intracellular electrodes is that our 

device is re-usable after multiple cell cultures. The fabrication and packaging scheme use 

mechanical and chemical materials that can withstand long term incubation, sterilization and 

oxygen plasma, therefore we can just clean the cell culture off the device after the experiment 

and prepare it for the next culture. Even the delicate nanowire electrodes remain functional and 

almost intact after multiple usage as is seen the in Figure 2.5 .  

 

Figure 2.5 | SEM pictures of the same nanoelectrodes after multiple cell culture. The structure, dimension and 
surface roughness remain the same after multiple usages. 
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2.4 Single cell measurement and cell electrode interface  

 

Figure 2.6 | Cardiomyocyte single cell recording and stimulation experiment. Left: differential interference 
contrast microscope image of an isolated cardiomyocyte sitting on top of the nanoelectrodes on a CNEA pixel pad. 
Top right: extracellular and intracellular recordings of cardiac action potentials from the same cardiomyocyte before 
and after electroporation. Bottom right: stimulation of a cardiomyocyte using a biphasic voltage pulse sequence with 
synchronized cell movement analyzed from video differentials. 

 

We first tested and optimized the operation of individual CNEA pixels using neonatal rat 

ventricular cardiomyocytes cultured in vitro (Figure 2.6). When a cardiomyocyte sitting on top 

beats, the pixel nanoelectrodes can readily pick up small extracellular voltage ((Figure 2.6, top 

right). The amplitudes of these extracellular signals are in the range of 250 µV–1.5 mV, much 

smaller than the action potential measured intracellularly using a patch pipette (∼120 mV), but 

on the same order of typical extracellular signals recorded by planar electrodes27–33. To change 

the operation mode of a CNEA pixel from extracellular to intracellular, we applied an 

electroporation signal (3 trains of 5 × 1.2 V biphasic pulses at 20 Hz) using the pixel stimulator 

and made the membrane permeable 9,14,34 ((Figure 2.6, top right). On electroporation, the signal 

amplitudes measured at the nanoelectrodes jump to ∼5 mV, suggesting intracellular access. The 
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reduced signal amplitude measured by the nanoelectrode (typically ∼5 mV but as high as ∼20 

mV) as compared with the patch clamp (∼120 mV) is the consequence of (1) the resistive divider 

between the junctional membrane resistance and seal resistance of the nanoelectrode/cell 

interface (typically an attenuation of ∼10× but as small as 2.5×) and (2) the capacitive divider 

between the nanoelectrode capacitance, parasitic pad capacitance and amplifier input capacitance 

(attenuation of 2.5). The resistive attenuation of 2.5–10× is an improvement over previous 

works9,14,34 (the attenuation could be further lessened by increasing the seal resistance to the level 

comparable to the conventional patch pipette; such improvement of the cell-to-electrode 

interface is an active subject of study but, as of yet, a significant challenge in nanoelectrodebased 

electrophysiology). Furthermore, the measured waveforms resemble those of patch pipettes, 

consistent with their intracellular nature. The addition of blebbistatin (3 µM), which decouples 

mechanical beating from the action potential, does no change the measured signal, verifying its 

electrical origin. In addition to using an amplifier of a CNEA pixel for membrane potential 

recording, we can use the pixel’s stimulator to induce the action potential of a cardiomyocyte: for 

instance, by applying a biphasic voltage pulse sequence every 1 s through a pixel stimulator, we 

can change the beating frequency of a cardiomyocyte from ∼1/20 to 1 Hz Figure 2.6, bottom 

right).  

Before moving on for network level measurement, we would like to gain a better 

understanding of the cell electrode interface. The models established in previous works9,14,25 

have been adopted here to represent the nanoelectrode-cell interface (Figure 2.7). In this model, 

the cell’s membrane resistance and capacitance are designated as Rm and Cm, respectively, where 

the patch clamp electrode is assumed to have an ideal interface to manipulate and record the 

cell’s membrane potential, Vm, and measure the corresponding current. After electroporation is 
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performed using the nanoelectrodes, intracellular electrical access is achieved through the porous 

junctional membrane resistance, Rjm. The signal is attenuated, however, due to a seal resistance, 

Rs, between the nanoelectrode and cell membrane. This attenuated intracellular signal is recorded 

through the nanoelectrodes’ access capacitance, Ca, biased in the capacitive region. Along the 

signal path to the pixel amplifier, current is shunted to the solution via the passivated metal pad’s 

parasitic capacitance, Cp, and to ground through the input capacitance of the amplifier, C1, 

causing a further attenuation. To record the signal, the nanoelectrode node, Vne, is amplified, 

Vamp, and buffered off chip.  

 

Figure 2.7 | Cell electrode interface circuit model. A cell sitting on top of a nanoelectrode that is manipulated by a 
patch clamp pipette in the voltage-clamp mode is modelled by its membrane potential, Vm, membrane capacitance, 
Cm, and membrane resistance, Rm. The nanoelectrode, biased in the capacitive region, is modelled by an access 
capacitance, Ca, recording a voltage in solution, Vsol, and a parasitic pad capacitance, Cp. The cell-to-electrode 
interface consists of a porous junctional membrane resistance, Rjm, formed by electroporation and a seal resistance, 
Rs. The CMOS pixel amplifier, amplifying the nanoelectrode voltage, Vne, is simplified to an ideal amplifier with 
its input impedance, C1, and output voltage, Vamp. 
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To extract the various circuit parameters, the nanoelectrodes are first characterized in 

extracellular solution (Figure 2.8). Cyclic voltammetry measurements show a wide capacitive 

region before faradaic current is passed, as expected for a Pt electrode. The access capacitance 

and parasitic capacitance are measured by applying a variable frequency sine wave, centered in 

the middle of the capacitive region, using the pixel stimulator to both a passivated control pad 

without nanoelectrodes (0 nanoelectrodes) and a normal pad with nanoelectrodes (9 

nanoelectrodes). The current through the reference electrode is used to calculate the magnitude 

and phase of the impedances; the imaginary part of the impedance is used to calculate the 

capacitance. The measurements show the highly capacitive nature of the nanoelectrodes with a 

calculated access capacitance of 1.2 pF and parasitic pad capacitance of 1.5 pF. These values are 

consistent with our theoretical calculation of the nanoelectrodes capacitance based on its material 

and geometries (a Pt cylinder 1µm tall and 150 nm in diameter with a unit double layer 

capacitance of 0.604 F/m2).  

 

Figure 2.8 | Impedance measurement of the nanoelectrodes in solution. a, Cyclic voltammetry of nine Pt 
nanoelectrodes in extracellular solution at a scan rate of 50 mV/s . b, Electrochemical impedance spectroscopy of a 
pixel without nanoelectrode.  

 

 Patch clamp experiments are then performed with HEK cells to measure the sum of the 

junctional membrane resistance and seal resistance, Rjm + Rs (Figure 2.9). The effective membrane 
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resistance, Reff, is determined by applying a 10 mV voltage pulse to the membrane using the 

patch clamp electrode, ΔVm, and measuring the change of current, ΔIm. As seen in Figure 2.7, 

Reff changes from Rm to Rm in parallel with Rjm + Rs after the nanoelectrodes’ intracellular access 

is gained, shown in (1) and (2). From the experiments we calculate Rjm + Rs to be in the range of 

100 MΩ ~ 600 MΩ. 
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Figure 2.9 | Co-measurement with patch clamp electrode on HEK 293 cells a, Differential interference contrast 
image showing HEK 293 cells cultured on top of the CNEA chip. The cell on top of the nanoelectrodes is whole-cell 
patched at the same time. b, After the cell was patched and pixel electroporation was performed, the pipette in voltage-
clamp mode applied voltage pulses (Vpatch) with increasing amplitudes to the cell membrane, which were recorded by 
the CNEA pixel (Vamp). The preservation of the waveform shape confirms intracellular access and a linear, flat-band 
transfer function from the intracellular matrix to amplifier output. The slow oscillation of the amplifier output is due to 
the low frequency high-pass pole of the bandpass filter configuration of the pixel amplifier. c, The pixel stimulator 
applied biphasic voltage pulses to the nanowires (Vne) and the cell’s response was measured by the patch pipette in 
current-clamp mode (Vpatch). The transient RC response is due to the nanoelectrode capacitance in series with the 
intra/extra-cellular solution and membrane resistance. 
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 Lastly, a range of values for Rjm and Rs are calculated from the attenuation ratio between 

Vm to Vne. As Rs is significantly smaller than the impedance of Ca and Cp in the interested 

frequency range ( ~1 Hz - 5 kHz), the attenuation from Vm to Vne is approximately multiplication 

of the resistive voltage divider between Rjm and Rs multiplied and the capacitive voltage divider 

between Ca and Cp + C1, shown in (3).  Throughout our HEK cell and cardiomyocyte 

experiments, we record attenuation factors ranging from 0.05 ~ 0.25, assuming an intracellular 

action potential amplitude of 120 mV for the cardiomyocytes. Together with the previous 

measurements of Ca, Cp and Rjm + Rs, we calculate our Rs and Rjm to be in the range of 15 MΩ ~ 

375 MΩ and 40 MΩ ~ 525 MΩ respectively. 
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2.5 Network level interrogation and manipulation 

Following this single-cell recording and stimulation, we demonstrate the network-level 

intracellular recording capability of our CNEA using a tightly connected in vitro cultured 

cardiomyocyte sheet. Because extracellular access is readily available to the CNEA before 

electroporation, however, we start with network-level extracellular recording. In the example 

shown in Figure 2.10a (leftmost panel), we find that 968 pixels are extracellularly coupled to 

cardiomyocytes after time-aligned averaging. By following the action potential firing times of 

these extracellularly coupled cells, we can determine that the cardiomyocyte sheet exhibits 

spatially homogenous action potential propagation (starting upper right and propagating radially) 

with a conduction velocity (CV) of 9 cm/s . 
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Figure 2.10 | Network level recording and stimulation on neonatal rat cardiomyocytes. a, Mapping of action 
potential propagation patterns across the array at different time points before and after electroporation. An 
extracellular recording before electroporation shows homogeneous action potential propagation, whereas 
intracellular recordings after electroporation shows an evolution from spiral propagation at 23.3 s and 43.6 s back to 
homogeneous propagation at 48.3 s and 173.3 s. b, To promote reentrant propagation, the nanoelectrode array is 
reduced in size by covering ~6 peripheral rows of pixels with PDMS and rounded; extracellular action potential 
mapping before electroporation shows homogenous propagation through the sheet. After electroporation, 
intracellular recordings reveal a marked reduction in conduction velocity and spiral reentrant behavior. 
Representative recordings from cardiomyocytes approximately 90 degrees out of phase show the sustained 
oscillations at 5 Hz; the pattern is sustained for ~50 s for ~250 cycles. c,  Representative cardiomyocyte recordings, 
referred to Vne, of short term coupling for ~5 min and long term coupling for more than 20 min (recording re-started 
for 10 s midway). d, Number of cells and times (indicated with colors) intracellularly measured in 5 experiments 
over 7 days. 
 

 

We subsequently change the CNEA operation into the intracellular mode by applying 

simultaneous electroporation pulses across all pixels. We initially observe a spiral pattern of 

action potential propagation around the periphery with a CV of 2 cm/s (Figure 2.10a, at 23.3 s). 

As time elapses, however, we start to record the intracellular signals from cells at the central part 
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of the cardiomyocyte sheet as well, and the number of intracellularly recorded cells increases to 

235 at 48.3 s after electroporation. 

 The expansion of the intracellularly recorded region from the sheet periphery into the 

center is likely due to the fact that right after electroporation, the large number of cells at the 

center is leaking currents and thus fails to fire action potential reliably. With time, the cellular 

membranes start to form tight seals around nanoelectrodes, and the cells at the center regain their 

normal function, resulting in intracellular coupling to CNEA pixels (Figure 2.10a, at 43.6 s and 

48.3 s). The propagation pattern and the CV of action potentials then return to their original, pre-

electroporation, values within a few minutes (Figure 2.10a, at 173.3 s), indicating that over time 

the cardiomyocyte sheet recovers from initial shock after electroporation.  

 The action potential dynamics of a cardiomyocyte sheet is sensitively dependent upon the 

perturbation that we apply with the CNEA pixels. In the cardiomyocyte sheet presented in 

Fig. 3a, in which the entire CNEA is used to electroporate the sheet, the action potential 

propagation pattern changes from spiral to spatially homogeneous as time lapses. When we 

reduce the size of the electroporation region by covering peripheral ~6 pixel rows with PDMS, 

however, the behavior of a cardiomyocyte sheet changes dramatically: as seen from Fig. 3b and 

Supplementary Video 3, the cardiomyocyte sheet exhibits consistent reentrant behavior 

(frequency of ~5 Hz) for ~50 s, totaling more than 250 sustained cycles. This leakage-induced 

reentry behavior is similar to those observed in stem cell/cardiomyocyte35 and 

fibroblast/cardiomyocyte co-cultures36 where the passive stem cells or fibroblasts, which form 

gap junctions with the cardiomyocytes, cause increased electrical loading. In our example, 

electroporation-induced leakage plays the role of electrical loading. The examples presented in 
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Figs. 3a and 3b clearly illustrate the potential of the CNEA in manipulating and engineering 

cardiomyocyte network characteristics via stimulation/electroporation. 

 The data in Figure 2.10c shows the detailed characterization of cell-electrode coupling. In 

general, the number of intracellularly coupled cells decreases over time (e.g., from 235 at 48.3 s 

to 122 at 173.3 s in Figure 2.10a) because the metallic tips get expelled out of some of the cells 

with time14,34. Such ejection of electrodes is manifested by diminishing signal amplitude Figure 

2.10c, top). Some pixels exhibit prolonged intracellular coupling (Fig. 3c, bottom), however, 

indicating the cell-to-cell variation of the tip-membrane interface. Extended recording studies 

show that we can perform repeated intracellular measurements on multiple days (Figure 2.10d). 

Overall, we find that, in a typical CNEA device with a cardiomyocyte sheet, >30% of the pixels 

can get intracellularly coupled at least once over the recording time. 

The CNEA’s capabilities demonstrated above can benefit several areas of cardiology, such 

as fundamental studies of signal propagation and tissue-based drug screening for cardiac 

diseases34,37–41. In the example shown in Fig. 4, we investigate the effects of various drugs on 

cardiomyocyte sheets using the CNEA. For the measurements of simple variables of cardiac 

dynamics, such as the beat frequency and CV, we can operate the CNEA in the extracellular 

mode like traditional MEAs. For example, the CNEA extracellularly measures the increase in 

beat frequency upon the application of norepinephrine (Figure 2.11a) and the decrease in CV 

under the influence of 1-heptanol (a known gap-junction blocker39, Figure 2.11b). 
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 In addition to these extracellular measurements, however, the CNEA operating in the 

intracellular mode can determine, with high precision, the duration and shape of membrane 

potentials as well as their propagation dynamics. These capabilities, which are afforded by 

intracellular access, represent the clearest advantages of the CNEA over traditional MEAs in 

studying the network dynamics and examining the drug effect. Figures 4c and 4d illustrate one 

specific example measured at the single-pixel level: significant elongation of action potential 

durations (APDs) upon the application of ATX-II (50 nM) that is recorded by a CNEA pixel 

operating in the intracellular mode. ATX-II is a Na+ ion channel toxin known to cause a delayed 

inactivation of the fast NaV1.5 channel, thus mimicking the effects of genetic mutations of 

SCN5A responsible for congenital long-QT syndrome type 342. The behaviors in Figs. 4c and 4d 

are consistent with this known effect, and accurately reproduce previous patch-pipette 

measurements42. The CNEA also measures the subsequent reversal of the actions of ATX-II by 

ranolazine42 (10 µM) (Figure 2.11c,d). We note that the ability to investigate these types of drug 

effects is essential for preclinical development of pharmaceutical candidates because drug-

Figure 2.11 | Study of effect of various drugs of neonatal rat cardiomyocyte culture with the CNEA device. a, 
Extracellular measurements of the beat frequency before and after the application of norepinephrine (10 nM and 
100 nM). b, The linear fit of extracellular peak times before and after the addition of 1-heptanol (1 mM), showing a 
51% reduction in CV. c, Averaged and amplitude-normalized action potential waveforms (measured as Vne) before 
and after the application of ATX-II (50 nM) for five different pixels 7 days after in vitro culture (DIV). Incubation 
with ranolazine (10 µM) brings the waveform back on the next day (8 DIV). The shaded envelopes indicate the 
standard deviation of all coupled pixel recordings; signal averaging was performed to increase the sample size of the 
action potential waveform shape. d, Action potential duration (APD) for a control culture and two test cultures over 
6 experiment days with the application of ATX-II (50 nM) at 7 DIV followed by one-day incubation of ranolazine 
(10 µM). Error bars represent standard deviation. Representative recordings, referred to Vne, before (e) and after (f) 
ATX-II application for culture 1 shows significant action potential widening (including peaks A1, A2) and early 
afterdepolarizations (EADs) (peaks E1, E2). g, Left: spatial distribution of 54 pixels where the voltage traces (right) 
were recorded in the denoted time period of f. Traces are arranged vertically in the plot and colored in the spatial 
map based on the peak time of A1 with traces in f spatially labeled. The background colors on the map denote 
regions with long APD (blue), short APD (green), and a transitional region (magenta); E1, E2 originate and 
propagate at the interface indicated with the white dashed arrows. The voltage trace plot clearly shows the action 
potential and EAD propagation in the short APD region (top half) and long APD region (bottom half). 
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induced pro-arrhythmia is the most common cause of withdrawal or restriction of marketed 

drugs37. 

 Beyond the single-pixel intracellular recording, the true power of the CNEA’s network-

level intracellular recording capability is best illustrated by high-precision examination of drug 

effects on the network dynamics. Figure 2.11e through g show the use of the CNEA to map the 

propagation of action potentials and sub-threshold events in an in vitro cardiomyocyte sheet 

under ATX-II. At 239 s after ATX-II profusion, the cells across the sheet exhibit constant 

increase in APDs but with differing degrees of APD elongation depending on the regions (Figure 

2.11e-g): the cells in the lower left (e.g., pixels d-f) and right-half (e.g., pixels g-i) exhibit 

distinctly shorter and longer APDs, respectively, with a transition region (e.g., pixels a-c) in 

between (Figure 2.11g). 

 The CNEA recording further reveals that this spatial APD inhomogeneity is linked to 

local polarization dynamics and their spatial correlations. First, the cells in the transition region 

fire a second action potential (A2) quickly after the first action potential (A1). This second action 

potential propagates to the short APD region, but does not reach the long APD region because 

the cells in that region are too depolarized to fire an additional action potential. This marks the 

onset of an arrhythmia within the cardiomyocyte sheet.  

 Second, the cells in the transition APD region exhibit an early afterdepolarization (EAD: 

small membrane depolarization that occurs before the membrane completely repolarizes from the 

action potential) (E1) after the second action potential (A2), which then propagates to the cells in 

the short APD region to cause triggered activity (TA)43. This TA propagates back to the cells in 

the transition APD region yet again, causing a second EAD (E2) in the transition region Figure 

2.11f, g ). Once again, the long APD region with an extended depolarization period is not 



 

36 

 

involved in these local dynamics. The origination of the EAD (E1) in the transition region, the 

cause of the TA by the EAD (E1), and the slower propagation of the TA-induced EAD––all 

revealed by the CNEA recording in Figure 2.11a ––are consistent with what have been observed 

previously in cardiac tissues with arrhythmias using voltage-sensitive dyes43,44. Importantly, the 

recording of these sub-threshold membrane potential dynamics across a cellular network has not 

been possible with traditional electrophysiological tools such as patch pipettes or extracellular 

MEAs. As such, the measurements presented in Figure 2.11a accentuate the CNEA’s ability to 

both analyze intracellular sub-threshold events in individual cells and track network dynamics 

across a large number of cells, highlighting the promise of the CNEA for tissue-based 

pharmaceutical drug screening. 

 

2.6 Conclusion.  

In summary, we have demonstrated the proof of concept of combining nanoelectrodes 

with CMOS electronics to perform massively parallel intracellular measurement and 

manipulation. The first set of experiment were performed on neonatal rat cardiomyocytes instead 

of neurons due to their robust physiological property and continuous electrical signals. Future 

development will focus on improving the CMOS circuit performance both in terms of number of 

electrodes and amplifier noise level, we’ll also try to tackle more challenging bio-systems like 

neurons which ties closer to our ultimate goal of understanding the brain.  
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Chapter 3  

 

CMOS Neuro-Electronic Interface (CNEI) Device 

3.1 Introduction 

With the success of the first-generation CMOS nanoelectrode array (CNEA) devices, we 

move on to further optimize the circuit and electrode for the 2nd generation device, known as the 

CMOS Neuro-Electronic Interface (CNEI) device. As will be discussed later, this new model of 

device have demonstrated improvements over the previous generation in three aspects:  

1) CMOS electronics. New generation device contains 64 x 64 = 4096 electrodes 

compared to only 32 x 32 = electrodes on the 1st generation. Moreover, new layout 

design enabled us to pack these electrodes closer to each other while allowing larger 

area for pixel circuitry. New pixel circuitry has the capability of perform stimulation 

and recording both in voltage and the in current, it also has 20X less amplifier noise 

compared to the previous generation.  

2) Nanoelectrode interface. The fabrication process for the nanoelectrodes have be 

completely overhauled to improve throughput and uniformity. In addition, we tested 

multiple electrode geometry and coated it with Pt black nanoparticles to decrease its 

impedance and improve cell coupling.  
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3) Biological system. With the aforementioned improvements in place, this time we 

were able to intracellularly interface with neonatal rat neurons, a much more delicate 

yet much more intriguing cell type than the cardiomyocytes. Larger number of  

4) simultaneous intracellular recording has also been demonstrated.  

3.2 Circuit design and characterization  

 

The core of our neuroelectronic interface is the next generation custom CMOS circuit 

designed by my collaborator Dr. Jeffrey Abbott and Wenxuan Vince Wu. (Figure 3.1). The 

CMOS uses 0.18 µm MIX-RF technology.  At the center of the IC is an array of 64 × 64 = 4,096 

surface aluminum (Al) pads, each with the size of 10.5 µm × 10.5 µm and the pitch of 20 µm 

(Figure 3.1). Each pad, which defines a unit recording/stimulation site, or a pixel, is wired to its 

own active circuit located outside the center pad array area (Figure 3.2a). We chose the pixel pad 

pitch of 20 µm so that each pixel can couple to one in vitro rat cortical neuron (soma diameter 

 

Figure 3.1 | Microgram of packaged CNEI device and zoom in of the CMOS electronics. 
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~20 µm). The heart of each pixel’s active circuit is a low-noise voltage amplifier and a current 

injector: this active circuit block can be arranged into either the pCC or the pVC configuration 

(Figure 3.2b, see also Figure 3.7b,c) . We use the word ‘pseudo’ because our current and voltage 

clamp configurations end up fixing the current and the voltage of the electrode rather than those 

of the neuron due to the particular nature of our electrode-neuron interface, as discussed later. On 

each pad, we post-fabricate Pt electrodes of varying geometries which will be discussed in later 

sections.  

 

Figure 3.2 | CMOS IC design. a, A schematic layout of the CMOS IC. We place the pixel circuits in the four 
quadrants outside of the pixel pad (electrode) array with routings between pixel pad (electrode) and pixel circuit 
made in spaces in between. A heater and two temperature sensors are located adjacent to the pad (electrode) array to 
set the IC’s temperature to 34-37°C during experiments. b, The pixel circuit contains a switched-capacitor based 
current stimulator containing a 3:1 input MUX for three different frequency input controls, a configurable single 
stage amplifier (shown in the two configurations used during intracellular experiments), and a 25-bit digital memory 
to control the configuration of the stimulator and amplifier. In the pseudo current-clamp (pCC) configuration, the 
passband gain of the amplifier is set by the ratio of the input capacitance, C1, to feedback capacitance, C2, where 
C1/C2 = 3.5 pF/110 fF ~ 30 V/V. C2||Rp,2 (Rp,2 is 6 diode pairs in series) sets the low frequency pole below ~1 Hz 
whereas Vs,1 = 2.2 V, Vs,2 = 2.42 V, and Rp,1 (1 diode pair) are used to adjust the DC value of Vamp to maximize 
dynamic range. In the pseudo voltage-clamp (pVC) configuration, the electrode is directly connected to the negative 
terminal of the amplifier. The feedback is configured as a switched capacitor, Cpar, with non-overlapping clock 
phases φ1 and φ2 to generate a impedance, Zf, of ~750 MΩ in parallel with C2 = 100 fF, together setting a high-
frequency pole of ~2 kHz. 
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The CNEI is a major advance compared to the previous CNEA devices. The critical 

advance comes from the way we engineer the new pixel’s passive electrodes and active circuit to 

enable stable and controlled intracellular recording with the sensitivity to measure subthreshold 

PSPs (pCC mode) and ion channel currents (pVC mode) of mammalian neurons, either feat that 

has been previously possible only with the patch clamp electrode. 

The first advance is the PtB coating that adds nanometer-scale roughness to the Pt electrode 

and that will be addressed in more detailed in the next section.  

The second critical advance in the pixel construction is the configurability of the active pixel 

circuit between the pCC and pVC modes. For membrane potential measurement, the pixel circuit 

is arranged into the pCC configuration, consisting of a current injector that runs in parallel with a 

high-impedance voltage amplifier. This configuration permits concurrent current (Ie) injection 

and voltage (Ve) amplification through the same electrode. Here the voltage amplifier is designed 

in a bandpass filter topology with a bandwidth from ~0.5 Hz to ~9.4 kHz (Figure 3.3a-b) to 

cover the spectral ranges of APs, PSPs, and membrane potential oscillations of neurons5. 

For ion channel current measurement, the pixel circuit is arranged into the pVC 

configuration where the current injector is turned off and the high-impedance voltage amplifier 

mentioned above is turned into a low-impedance transimpedance amplifier with the feedback 

impedance Rf (~750 MΩ) switched on. This pVC configuration permits concurrent voltage (Ve) 

application and current (Ie) recording through the same electrode.  
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Figure 3.3 | Pseudo current clamp mode performance characterization. a, Measured pixel amplifier gain (32 
pixels) over frequency for a 1 mV input signal. The pixel sample rate of the 9.4 kHz allows signal measurement up 
to 4.7 kHz. b, Heat map across the 64×64 array of the passband gain at 100 Hz. c, Input referred voltage noise of a 
typical pixel amplifier without solution. d, The integrated input referred voltage noise from 1 Hz to 4.7 kHz across 
the array without solution. e, Various magnitudes of the current stimulator’s output current, Ie, across its output 
voltage range, Ve. f, Variation of the current stimulator across the array at Ie = -1.1 nA, typically used during 
experiments. The array mean ± 1 s.d. is -1.076 ± 0.009 nA. g-h, Measured parasitic capacitance of the routing 
between pixel circuit and electrode, Cp,routing in (b), across the array. Each metal trace is designed at a width of 280 
nm, a length ranging from <1 mm to ~15 mm, and is shielded laterally and vertically by ground to prevent cross-talk 
between pixels. The attenuation due to this capacitance, (Zp,routing||Z1)/(Ze + (Zp,routing||Z1)), where Zp,routing and Z1 are 
the impedances of Cp,routing and C1, respectively, is small as |Ze| << |(Zp,routing||Z1)| due to the PtB deposition. 

  

 The third advance is the ten-fold enhancement in the sensitivity of the active pixel 

circuits. The voltage amplifier in the pCC configuration achieves a ~20 µVrms measured input 

referred voltage noise at the electrode voltage (Ve) node (which is the amplifier input node) when 

integrated across 1 Hz to 4.7 kHz (Figure 3.3c-d). This noise is ten times lower than our previous 

design8 and is achieved by the aforementioned separation of the passive pixel pad array region 

and the active pixel circuit array region. With such separation, despite the dense pixel pad pitch 

(20 µm), each pixel circuit can occupy a larger area (100 µm × 250 µm) so that larger transistors 

with lower noise can be accommodated. The transimpedance amplifier in the pVC configuration 
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benefits from the same lower transistor noise: it achieves a ~1 pArms measured input referred 

current noise in the electrode current (Ie) path, when integrated across 1 Hz to 4.7 kHz . 

Fourth, both of the pCC and pVC configurations enable the injection of Faradaic current 

(Ie) through the electrode, which plays a critical role for intracellular access in our work. The 

pCC configuration has an explicit current injector that directly controls the electrode current Ie. 

The pVC configuration indirectly sets the electrode current Ie by applying the electrode voltage 

Ve. The pVC configuration records this injected current Ie and any modulation of it due to ion 

channel currents. This electrode current injection in both the pCC and pVC configurations is 

used to permeabilize the cell membrane and thus to create an intracellular access to neurons, 

either by electroporation, or through nanoscale bubbles generated from hydrolysis (not to be 

confused with the detrimental microscale bubbling), or by gating of the ion-channels in the 

membrane31. We continue the Faradaic current injection even after the attainment of the 

intracellular access to maintain the membrane permeabilization, and also critically, to 

compensate for leakage current from within the neuron (and further, to manipulate the membrane 

potential for neuronal stimulation). Throughout this current injection, the pCC mode records the 

membrane potential (smaller than the real value due to signal attenuation: see below) and the 

pVC records the current injection itself and any modulation of it due to membrane currents (also 

smaller than the real value). In this way, the pixel can perform stable, sensitive, and controlled 

intracellular probing of subthreshold membrane potentials as well as ion channel currents. These 

pCC and pVC configurations with the electrode current injection are a definitive advance from 

our previous CMOS-nanoelectrode array8, whose pixel combined a voltage stimulator for 

membrane permeabilization and a voltage amplifier for recording: those two building blocks 
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could not run simultaneously as both deal with voltage, and the pixel was therefore unsuccessful 

in the intracellular recording of neurons. 

3.3 Nanoelectrode fabrication and packaging 

Similar to the CNEA devices, CNEI devices also requires post-fabrication of nanoelectrodes 

on the customized circuit to function properly. Although the essentials are the same, we have 

made crucial changes to the fabrication process, explored Pt black deposition procedure, played 

with different electrode geometry and tried various packaging schemes.  

From the nanoelectrode fabrication perspective, most of the steps are the same except for the 

following ones.  

1) Our new nanoelectrodes are only 1 µm tall instead of 3 µm. When we perform SEM 

inspection of nanoelectrode after they have achieved intracellular access in the 

previous project, we noticed that the best signal to noise ratios are obtained from 

broken nanoelectrodes, this prompted us to reduce the height of the nanoelectrodes on 

CNEI devices.  

2) CNEI nanoelectrodes are built from amorphous silicon (A-Si) with the help of ebeam 

lithography and reactive ion etching (RIE). Ebeam lithography is chosen to replace 

the original stepper lithography as CNS has upgraded its ebeam lithography system 

and allows for high speed writing of tiny features. This improvement eliminated the 

need for sequential wet etching and drastically reduces the fabrication time. Using A-

Si instead of SiO2 also saves the step for light blocking layer as A-Si is opaque itself 

and serves the dual purpose of blocking light on top of pixel circuitry. 
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3) Final tip exposure step has to be modified. The CNEI devices are made with 0.18 µm 

MIX-RF technology therefore it has 2 µm thick of Metal 6 layer. This large thickness 

together with the 10 x 10 µm small pad size effectively made a plateau that support 

the electrodes. When performing tip exposure, the edges on the plateau will get 

exposed as well, and during later experiment we found this to be a benefit as those 

edges allow excess current to pass out to solution. We can also protect the edge of the 

steps with photoresist with an additional lithography step.  

The fabrication procedure is summarized in Figure 3.4. 

 

Figure 3.4 | Fabrication process for vertical nanowire with exposed edges. (i) Etch foundry passivation and 
sputter Pt. (ii) Deposit α-Si. (iii) Pattern electron-beam resist etch mask. (iv) Etch α-Si. (v) Conformally deposit Pt 
and oxide. (vi) Spin-coat etch mask. (vii) Etch oxide to expose Pt. (viii) Prepare device for packaging. (ix) 

 

The next biggest change on the electrode side is the Pt black (PtB) nano-particle coating 

we have on the nanoelectrodes. Dr. Keith Kreneck contributed majority of the work for 

developing the process for Pt black deposition: we perform cyclic voltammetry between 0.8 V to 

-1 V in the mixed solution of 0.5 mM H2PtCl6 and 25 mM NaNO3 until the electrodes reach 

desired impedance. The PtB coating adds nanometer-scale roughness to the Pt electrode(Figure 
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3.5), increasing its surface area and lowering its impedance by more than ten times (the 

measured electrode impedance per pixel is ~300 kΩ at 5 kHz (~95 pF)). The reduced electrode 

impedance enhances the cell-to-amplifier signal transfer, and thus the recording sensitivity.  

 

 

Figure 3.5 | Electrodeposition of PtB on Pt electrodes. a, A cyclic voltammogram of electrode current, Ie, versus 
electrode voltage, Ve, during PtB deposition onto a post-fabricated Pt electrode using cyclic electrodeposition with a 
Pt reference. The impedance of the electrode is reduced with each cycle of deposition, increasing Ie. b, (Top) 
Electrode impedance, Ze, measurements across the 64×64 array before and after PtB deposition. An impedance 
reduction of more than 10× is observed. (Bottom) Scanning electron microscopy (SEM) images of vertical 
nanoneedle with pad edge electrodes before and after PtB deposition. The PtB gives the nanoneedles and the pad 
edge ridge a nanoscale roughness, which significantly increases the metal-solution surface area, reducing the 
electrode impedance. 
 

 

This reduced electrode impedance also lowers the likelihood of the large (micrometer-

scale) gas bubble generation during electrode current injection that is used to permeabilize the 

neuron’s cell membrane for intracellular access in both pCC and pVC configurations. This 

prevention of large bubble formation is critical because those bubbles could disrupt the 

membrane-electrode interface and possibly damage the neuron. For example, Pt vertical 
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nanoneedles were able to gain intracellular access to neurons with current injection only when 

coated with PtB . Another advantage of the PtB nanoscale roughness, beside the reduced 

impedance, is its physical role in helping to form a tight/stable seal with the cell membrane27–30. 

For example, when the planar Pt hole is electrodeposited with PtB, a micrometer-scale mound of 

PtB with nanometer-scale surface roughness forms (Figure 3.6c). While the overall structure is 

not as sharply protruding as the PtB-coated vertical nanoneedle (Figure 3.6a,b), it still capable of 

intracellular access. This suggests that the nanoscale surface roughness of PtB itself may help 

establish a stable seal.  

 

Figure 3.6 | SEM images (top view) of the three different structures of Pt electrodes after PtB deposition, all 
of which have been demonstrated for intracellular access: (a) PtB-coated vertical Pt nanoneedles (dimensions 
before PtB coating: 9 Pt vertical nanoneedles per pad at a 3 µm pitch, ~100 nm diameter, 1 µm height); (b) PtB-
coated vertical Pt nanoneedles with PtB-coated Pt pad edge electrodes (dimensions of the Pt pad edge electrode 
before PtB coating: ~10 µm long ridge along each pad edge, up to 1 µm height); and (c) PtB-coated Pt planar hole 
electrodes (each Pt hole has a 2-µm diameter opening and is 1.2-µm deep, as PtB is electrodeposited into the hole, a 
micrometer-scale mound of PtB builds). Since the electrode structure of (b) proved to be the most effective for 
highly parallel intracellular recording, the majority of the data presented in the manuscript and Supplementary 
Figures are with this electrode structure. The hole structure of (c), on the other hand, is fabricated with a much 
simplified process in comparison to the vertical nanoneedles and thus could be an attractive alternative in the future, 
once further optimized.  
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Table 3.1 | Summary of performance of different electrode geometry. 

Electrode geometry Vertical nanoneedle PtB vertical 
nanoneedle 

PtB vertical 
nanoneedle with 

pad edge 
PtB planar pad PtB planar hole 

SEM image of single 
pixel 

     
No. of successful pCC 

intracellular 
experiments /  

Total pCC 
experiments 

0 /5 2 / 2 33 / 34 1 / 1 3 / 4 

No. of pixels having 
measured pCC 

intracellular signals 
0 301 7,800+ 2 290 

No. of devices 5 2 13 1 4 
Typical max pCC 

intracellular 
amplitudes  

(mV) 

– 4 – 30  2 – 30  < 0.5  1 – 10  

|Ie| for intracellular 
access 
(nA) 

DNE 0.3 – 1.1  1.1 – 2.2  2.2+ 0.6 – 1.1  

Min |Ie| for adverse 
bubbling with neurons  

(nA) 
0.1 – 0.3  1.1 – 1.4  2.5 – 2.8  > 2.8 1.7 – 2.2  

Designed 
conductance @ 5 kHz 

1/|Ze| (µS) 
0.03 2 10 40 20 

Conductance map 
across array 

 

 
     

Thermal kT/C noise  
(µV) 67 8.2 3.6 1.8 2.6 

Max norm. Rs for 
single simulated 

electrode (normalized 
to the planar 

electrode) 

13 12 < 12 1 3 

Three-dimensional Rs 
simulation with cell 
interfaced to single 

electrode  
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In addition to the tried and true nanoelectrode, we further investigated whether the 

vertical nanoneedles were required for successful intracellular access by our current injection 

method. We experimented with PtB planar pad and PtB planar hole electrode geometries whose 

simpler fabrication processes might prove more attractive to the MEA community. Although the 

PtB planar pad electrode could record intracellular signals (albeit on two pixels only) with a low 

likelihood of bubble generation, the signals showed very poor signal-to-noise ratio. The PtB 

planar hole electrodes, on the other hand, recorded intracellular signals with much better fidelity. 

The relative performance of different electrode geometry can be found in Table 3.1. The majority 

of the data presented in the remainder of this chapter are from the PtB-coated vertical 

nanoneedles with PtB-coated pad edge electrodes; the edge electrodes provide an extra current 

flow path, further reducing the chance of large gas bubbling, thus leading to intracellular 

coupling with the highest yield. 

The packaging of CNEI devices use the same design as the CNEA device, an interposer 

PCB is added between the CMOS chip and the chip carrier as we cannot find a PGA carrier with 

a suitable size cavity for the chip.  

3.4 Single cell measurement and electrode cell interface 

After device fabrication and packaging, we move on for neuron experiment, starting with 

single cells. Figure 3.7 presents single-pixel recording and stimulation experiments with 

dissociated primary rat cortical neurons (cultured in vitro at high densities to form multiple cell 

layers, 4). Every recorded voltage and current shown here and throughout this chapter are the 

electrode voltage (amplifier input voltage) Ve and the electrode current Ie , which we directly 

measure.  
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Figure 3.7 | Intracellular recording and stimulation of dissociated rat neurons using pCC and pVC 
configurations. a, A simplified small-signal model of the electrode-neuron interface is shown, including the 
membrane potential, Vm, membrane current, Im, junctional membrane resistance Rjm, seal resistance, Rs, and 
membrane resistance, Rm. b-c, Each pixel circuit can be arranged into either the pCC or pVC configuration. The 
pCC configuration consists of a current injector with output current Ie, and a high-input impedance (Zeq) voltage 
amplifier (Av ~ 30 V/V) that operate in parallel; the pVC configuration is a low-input impedance transimpedance 
amplifier (Rf ~ 750 MΩ). d, Extracellular measurement of a neuron transitions to intracellular measurement with Ie = 
-1 nA applied through the pixel in the pCC configuration, resulting in a ~twenty-fold improvement in AP signal 
amplitude. EPSPs and their triggering of an AP are also clearly visible. e, After attaining intracellular access in the 
pCC configuration, an effective positive stimulation current can be applied by adjusting Ie to a less negative value: 
+550 pA injections of 10 s are applied every 60 s (top), which excites the neuron to fire APs during the stimulation 
windows (bottom, S►APs). f, Intracellular access is gained in the pVC configuration by setting Ve to -0.65 V to 
pass Ie ~ -900 pA. No spontaneous activity is observed during this process due to the low input impedance of the 
pVC circuit. Voltage stimulations are used to activate the neuron’s ion-channels with characteristic negative Na+ 
spikes and positive K+ repolarization currents observed. g, Application of the ion-channel drugs tetrodotoxin (TTX, 
Na+ channel blocker, left) and tetraethylammonium (TEA, K+ channel blocker, right) confirm the origin of the 
measured Na+ and K+ currents and highlight the pVC’s capability for ion-channel drug screening applications. 

  

At Ie = 0 A in the pCC configuration and by setting Ve at a proper DC value to cause no bias 

current into the electrode in the pVC configuration, no membrane permeabilization occurs. In 
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this non-intracellular mode, we measure extracellular signals with AP voltage amplitudes 

measured as ΔVe = 50 ~ 300 µV similar to traditional MEAs5 and current variations measured as 

ΔIe = 50 ~ 100 pA. Our propensity to measure negative polarity extracellular voltage spikes 98% 

of the time indicates a tendency of the PtB electrodes to interface strongly with the neuron’s 

soma or axon (negative spikes) over the neuron’s dendrites (positive spikes)32.  

 For intracellular modes, we pass a Faradaic current (Ie ≠ 0 A) to induce membrane 

permeabilization. In the pCC mode that records Ve (Figure 3.7b,d), the membrane potential Vm 

causes a change in Ve from its bias value (this voltage bias is set by the injected Ie), where the 

change in Ve is an attenuated version of Vm. Concretely, ΔVe = α·ΔVm where α = Rs/(Rjm+Rs) is 

the pCC attenuation factor with Rs and Rjm being the seal and junctional membrane resistance 

(Figure 3.7a). The electrode impedance Ze does not appear here because the PtB coating has 

made Ze small enough to render the extra attenuation due to Ze negligible. In the pVC mode that 

records Ie (Figure 3.7c,f), the membrane current (e.g., ion channel currents) Im causes a change in 

Ie from its bias value (this current bias is set by the applied voltage Ve and is what is injected into 

the electrode), where the change in Ie is an attenuated version of Im. Concretely, ΔIe = γ·ΔIm 

where γ = Rm/(Rjm+Rm) is the pVC attenuation factor with Rm being the membrane resistance. 

 We first look at the Ve recording in the pCC configuration (Figure 3.7d). At Ie = 0 A (no 

electrode current injection), no membrane permeabilization is caused and Rjm is much larger than 

Rs to put the attenuation factors α on the order of 10-4 ~ 10-3: this is the extracellular recording 

discussed earlier. To transition to intracellular access, we change Ie to a negative value in the 

range of -0.5 nA to -3.0 nA. This current induces a gradual permeabilization of the cellular 

membrane and causes the cell-electrode coupling to change from extracellular to intracellular 

(over the time course of ~10 s to a few minutes). During this transition to intracellular coupling, 
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Rjm is drastically reduced, greatly increasing α and thus the amplitude of recorded APs (Figure 

3.7d). Concretely, α is increased to the order of 10-2 ~ 10-1 from its extracellular value of 10-4 ~ 

10-3. While this α is still smaller than the patch clamp’s α that is close to 1 (i.e., Rjm is still  

 

Figure 3.8 | Extracellular spike amplitude, PSP measurement from primary rat neurons and human iPSCs.  
a, Extracellular measurements from an active neuronal culture show that though both positive and negative 
extracellular spikes are measured with the CNEI, 98% of the measured spikes are negative in polarity. From 
theoretical simulations of the extracellular potential field around a neuron1, this suggests that the PtB electrodes 
interface most strongly with the soma or axon of the neurons as opposed to neurons’ dendrites. b, Trace Ve3 shows 
inhibitory PSPs (IPSPs) measured from disassociated rat neurons using the pseudo current-clamp configuration and 
Ie = -1.1 nA, while traces Ve1 and Ve2 show excitatory EPSPs. IPSPs are much less frequent than EPSPs, because 
young dissociated rat neurons mainly express excitatory synapses. The measured amplitude of the PSPs, as recorded 
on Ve, are displayed on the right. c, Intracellular measurements were achieved using induced pluripotent stem cell 
(iPSC) derived glutamatergic neurons. Five example traces, Ve1-5, from ~100 iPSC-derived neurons measured in 
parallel are plotted using Ie = -2.9 nA. 
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substantially larger than Rs in our case), it is large enough to enable clear measurements of 

subthreshold signals such as excitatory PSPs (EPSPs) (Fig. 2d) and inhibitory PSPs (IPSPs) 

(Figure 3.8) well above the noise level. Similar intracellular access with  

subthreshold PSP sensitivity was also achieved using iPSC-derived glutamatergic neurons 

(Figure 3.8), which may provide a better model system for drug screening for human 

neurological diseases and/or personalized medicine. 

 Importantly, the injection of the negative Ie is sustained throughout the pCC intracellular 

recording (Figure 3.7d) and contrasts other substrate-based electrode work that use 

electroporation7,8,13,27,28,35,36: in previous substrate-based work, electroporation was performed 

using a voltage application and their signal was recorded using a voltage amplifier, and thus 

electroporation and recording couldn’t be concurrent. The purpose of our continued current 

injection is twofold. Firstly, it serves to maintain the membrane permeabilization it initiated. 

Secondly, a portion (1 ~ 10 %) of the Ie enters the neuron through Rjm to compensate the leakage 

from within the cell, where such leakage is an important side effect of membrane 

permeabilization required for intracellular access (the remainder of Ie that does not enter the 

neuron through Rjm flows through Rs). In essence, after the membrane has become 

permeabilized, the current injection plays the role similar to the holding current during the patch-

clamp measurements, keeping the neuron’s membrane potential at a value near the normal 

resting potential. Without this compensation, the neuronal membrane potential can be 

depolarized to an unhealthy value (as in the case of previous intracellular nanoelectrode 

works7,8,39–41,27–30,35–38), affecting or even preventing normal electrophysiological function. In 

Figure 3.7d, we observe that the neuron firing pattern does not change by intracellular access, 

indicating successful leakage compensation via current injection.  
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 This intracellular recording with the sustained current injection eventually stops on its 

own (Figure 3.9). This is either due to the gradually decreasing Rjm with the Ie injection, which 

makes the leakage compensation imperfect to eventually hyperpolarize the neuron and stop its 

activity, or due possibly to the loss of the seal that eventually decreases the recorded amplitude. 

While the intracellular recording of Figure 3.7 lasts for ca. 1 min, this is an example on the 

shorter end: in the array-wide measurements discussed shortly, the intracellular coupling overall 

lasts for a median duration of 8 min (Figure 3.9 is an example of longer intracellular recording).  

 

Figure 3.9 | Typical coupling profiles over time for the pseudo current-clamp configuration. Different types of 
coupling profiles are typically observed: an increase to decrease in amplitude of coupling (blue), an increase in 
amplitude of coupling where the neuron activity decreases (green, two examples), and abrupt coupling with sparse 
activity where there is not a gradual increase in coupling amplitude. Example APs are shown on the right. The green 
profiles reflect that as the coupling amplitude increases (or Rjm decreases), the neuron becomes more hyperpolarized, 
leading to a decrease in firing activity. The abrupt coupling may indicate that coupling was gained at an already 
hyperpolarized membrane potential below threshold. 

 

 The ability to compensate the current leakage can be further exploited to enable direct 

modulation of Vm for neuronal stimulation in the pCC configuration (Figure 3.7e): Vm is related 

to Ie by Vm ∝ β·Ie where β = Rs·Rm/(Rjm+Rm). By changing Ie to a less negative value, from -

1.1 nA to -550 pA, we can inject an effective positive current into the neuron, thus causing 

depolarization and the firing of APs. Returning Ie to -1.1 nA brings the neuron’s Vm below 
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threshold, inhibiting APs. We can modulate the neuron’s firing rate as well by changing the Ie 

with various stimulation patterns (Figure 3.10).  

 The pVC configuration gains intracellular access also by passing a negative electrode 

current to cause membrane permeabilization. This electrode current is set up indirectly via Ve 

which we directly apply, and the pVC configuration also measures this current (Figure 3.7c): as 

we set Ve in the range of -0.6 V to -0.7 V, a negative bias current Ie ~ -900 pA flows into the 

electrode. The magnitude of Ie at the onset of intracellular access is similar to that found for the 

pCC  resulting in a similar small portion (1 ~ 10%) of the Ie entering the neuron through Rjm. 

Unlike the pCC with a high input impedance (Zeq in Figure 3.7b), the low input impedance of the 

pVC (Figure 3.7c) prevents spontaneous neuron APs during the permeabilization process. 

Stimulation is therefore used to activate the neuron’s ion-channels (Figure 3.7f). Negative Na+ 

spikes and positive K+ repolarization currents are observed during these stimulations, as these 

ion channel currents Im cause the change ΔIe = γ·ΔIm in the electrode current from the bias value. 

Application of the ion-channel drugs tetrodotoxin (TTX, Na+ channel blocker) and 

tetraethylammonium (TEA, K+ channel blocker) confirm these signal origins (Figure 3.7g). 

Determination of the pVC attenuation (γ) is more difficult than the pCC attenuation (α) because 

Im is related to the surface area of the neuron’s cell membrane; Na+ spikes ranging in magnitude 

from 100 pA to more than 1 nA have been measured. This pVC configuration will be particularly 

useful for high throughput ion-channel drug screening applications where planar patch-clamp 

arrays14–16 are currently a dominant tool for such applications but are limited to non-neuronal, 

artificial cell lines.  
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Figure 3.10 | Simultaneous recording and stimulation of disassociated rat neurons in the pseudo current-
clamp configuration. a, After attaining intracellular access, an effective positive stimulation current can be applied 
by adjusting Ie to a less negative value: +550 pA injections of 10 s are applied every 60 s over the 600 s recording 
(top), which excites the neuron to fire APs during the stimulation windows. The electrode also has a voltage 
response due to the change of Ie but it is much slower than the neuron’s and can be removed via a high pass filter 
(Methods); the electrode’s unfiltered voltage response (right, bottom) is clearly distinguishable from the neuron’s 
stimulated APs (expanded view in right, top). b, Slow modulation of Ie results in a direct change of firing interval, 
Δtp; example waveforms at various Ie are shown on the right plotted on the same scale. This modulation of Δtp is 
most likely due to a modulation of the resting membrane potential, Vrmp, at depolarizations above threshold. A 
relation is also seen for the coupling amplitude and magnitude of Ie, indicating that Rjm is lowered by a larger 
magnitude Ie. Periodic 10 s stimulations of +550 pA every 1 min show a transient decrease in Δtp. c, Faster ramping 
of Ie results in similar transient modulation of both Δtp and the coupling amplitude, example waveform shown on 
right. d, Burst firing can be induced when the neuron is normally not firing APs (Vrmp hyperpolarized below 
threshold) by applying pulsed stimulations of increasing magnitudes (Ie shown on right inset). Overlays of pulsed 
responses show an increasing number of APs with increasing amplitude current stimulations. 
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3.5 Modeling of the cell electrode interface  

 

Figure 3.11 | Detailed circuit model and characterization of the neuron-electrode interface in the pseudo 
current-clamp configuration. a, A neuron in contact with an electrode is modeled as a junction with a solution 
potential, Vj. The interfacing membrane is modeled as a junctional membrane resistance, Rjm, in series with an ion 
reversal potential, Vion. The current flowing through the junctional membrane is Ijm. The remaining portion of the 
cell membrane is modeled with a characteristic membrane resistance, Rm, membrane capacitance, Cm, and resting 
membrane potential, Vrmp. The voltage of the intracellular solution of the neuron is the membrane potential, Vm. The 
electrode, biased in the Faradaic region, is modeled as a nonlinear impedance, Ze, with a voltage, Ve. The solution 
gap between the cell membrane and electrode/substrate forms the seal resistance, Rs, with a corresponding seal 
current, Is. A high-output impedance current injector with output current, Ie, and a high-input impedance voltage are 
connected to the electrode to set the electrode current and record its voltage, respectively. Vamp is the recorded output 
voltage after amplification. A membrane current source, Im, is used for simulation of the neuron as discussed in 
Supplementary Discussion 2.2. b, A series of ramped stimulations are applied every 60 s during a 19 min recording, 
numbered 1 to 17. The AP firing frequency and a model calculation of Rjm and Rm are shown below the recording as 
discussed in the Supplementary Discussion 2: Rjm is calculated to decrease over the course of the experiment 
enabling the intracellular recording. c, During each ramped stimulation, a drop in the measured AP amplitude and an 
increase in the AP firing frequency are observed. d, A model of the neuron firing APs (top) during the ramped 
stimulation based on the schematic in (a) recapitulates the drop of measured amplitude (middle), Vj is plotted on the 
bottom trace; model parameters: VAP,max = +10 mV, Vrmp = -50 mV, Vion = +50 mV, Rm = 500 MΩ, Rs = 80 MΩ, 
Rjm = 1.25 GΩ. e, Over the course of the 17 stimulations, the measured AP amplitude increases and the drop of 
amplitude during stimulation decreases. f, These measured behaviors are reproduced with model calculations 
assuming a decreasing Rjm over the course of the experiment; model parameters: VAP,max = +10 mV, Vrmp = -50 mV, 
Vion = +50 mV, Rm = 500 MΩ, Rs = 80 MΩ, ~20 GΩ > Rjm > 400 MΩ. g, Calculation of Ijm versus Ie during the 
stimulations shows only a fraction of Ie is injected into the neuron. h, Plotting the firing frequency versus the 
calculated Ijm shows an expected direct dependence, further validating the model calculations. 
 

We adapt models from previous works4–9 to represent the neuron-electrode interface and 

to describe intracellular recording and stimulation of neurons using both pseudo current-clamp 

(pCC) and pseudo voltage-clamp (pVC) electronics, see Figure 3.11 with definitions of the 
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circuit components of the model presented in the captions. To gain intracellular access, the 

impedance of the junctional membrane, modeled as a resistance, Rjm, is reduced by applying a 

negative Faradaic electrode current, Ie, in the range of -0.5 nA to -3.0 nA. The reduction of Rjm is 

attributed to either: 1) hole generation due to electroporation-induced breakdown of the 

membrane, 2) hole generation due to nanoscale bubbles generated from hydrolysis, or 3) by a 

gating/opening of the ion-channels in the membrane10.  

In general, a reduced Rjm due to Ie enables both recording and stimulation of the neuron’s 

intracellular membrane potential, Vm. For the pCC configuration, with a change of the membrane 

voltage, ΔVm, an attenuated version of ΔVm is generated in the junction solution with a potential 

Vj,  

 

(1) 

The electrode potential, Ve, then follows Vj, 

 

(2) 

where Zp,routing and Z1 are the impedances of the parasitic capacitance of Ve, Cp,routing, and the 

input capacitance of the amplifier, C1, respectively (see Supplementary Fig. 3b), Ze is the non-

linear impedance of the electrode biased in the Faradaic region, and assuming that the output 

impedance of the current stimulator, ~100 GΩ, is much larger than the other impedances in the 

electronics-electrode-neuron interface model. Due to the PtB deposition, |Ze| << |(Zp,routing||Z1)| 

resulting in ΔVe = ΔVj, eliminating the attenuation described by Eq. 2. The relationship between 

Ve and Vm is then simply, 

 

(3) 
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For stimulation, a change of the electrode current will generate a change of the membrane 

potential, 

 

(4) 

assuming that Rs << Rjm + Rm. The benefit of the pCC electronics is the ability to measure 

ΔVe and adjust Ie simultaneously, allowing for concurrent recording and stimulation. From Eq. 3 

and 4, either a reduction of Rjm or an increase in Rs improves both the recording amplitude and 

the ability to manipulate Vm for stimulation. 

 For the pVC configuration, a change of the membrane current, ΔIm, will induce a change 

of the electrode current, 

 

(5) 

assuming |Ze|<<Rs, Rjm, and Rm, the transfer function can be simplified, 

 

(6) 

For stimulation, a change of the electrode voltage will induce a change of the membrane 

potential, 

 

(7) 

assuming |Ze|<<Rs, Rjm, and Rm, and Rs << Rjm + Rm. Similar to the pCC, the pVC electronics 

enable the ability to measure Ie and adjust Ve simultaneously, allowing for concurrent recording 

and stimulation. Also similar to the pCC, a reduction of Rjm improves both recording and 

stimulation capabilities. Unlike the pCC, increasing Rs does not improve either the ability to 

record or stimulate (to a first order approximation). This is due to the low impedance of Ze 

pulling Vj to the pseudo-ground of the amplifier’s negative terminal to eliminate shunted current 
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through Rs. It will, however, increase the magnitude of Ie for a given Ve and also decrease 

recording/stimulation signal transfer if Rs ~ Ze.  

To extract the values of Rjm and Rs during intracellular access, we performed a set of 

ramped stimulation experiments in the pCC configuration and simulated the results with the 

proposed model. The measurements and simulation provide some key insights into the 

electrode/cell interface and the intracellular coupling mechanism: 

1. The trends of the measured data can be best reproduced using the values of 

VAP,max = 10 mV, Vrmp = -50 mV, Vion = +50 mV, Rm = 500 MΩ, Rs = 80 MΩ,  and 

400 MΩ < Rjm < 18.8 GΩ.  

2. The amount of holding current injected into the neuron, Ijm, is only a fraction of 

applied electrode current, Ie, (e.g. |Ijm| < 100 pA for Ie = -1 nA) and it can be both 

depolarizing or hyperpolarizing depending upon the values of Ie, Rjm, and Rs. 

3. With Ie maintained at a constant value, Rjm decreases gradually over time to improve 

the electrode-neuron coupling. The reduced Rjm increases the recording amplitude and 

improves the ability to manipulate Vm for stimulation, as predicted by Eq. 3 & 4.  

4. The decreasing Rjm causes both the magnitude of Ijm to increase and the 

hyperpolarization of the neuron, which is accompanied by a decrease in AP activity 

(Figure 3.11). This corroborates the most common coupling profile we observed , 

where the increase of coupling amplitude is accompanied by a decrease AP activity. 

5. The reduction of Rjm is most likely due to the gating/opening of dominantly Na+ ion 

channels: with a negative Ie, the transmembrane potential of the junctional membrane 

is reduced which causes voltage gated ion channels to open and Rjm to decrease.  
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6. The loss or decrease of coupling, accompanied by a depolarization of the neuron, is 

most likely due to a decrease in Rs. Due to the slow time scale of the typical loss of 

coupling being on the order of a minute or longer, we attribute this decrease to a 

possible clearing of membrane proteins with the current flow through Rs (and the 

associated electric fields in solution). Sudden decreases of coupling may be due to a 

quicker movement of the neuron or membrane. 

 

Figure 3.12 | Detailed model calculation of the neuron electrode interface. a, The calculation of Rjm and Rs using 
Eq. 14 & 15 using [VAP,max = 10 mV, Vrmp = -50 mV, Vion = -10 mV, Rm = 500 MΩ] and the data from 
Supplementary Fig. 11e. b, Calculations of Eq. 13, left, and Eq. 11, right, using [VAP,max = 10 mV, Vrmp = -50 mV, 
Vion = -10 mV, Rm = 500 MΩ, Rjm = 350 MΩ] and sweeping Rs from 7.98 MΩ to 7.35 MΩ. c, The calculation of Rjm 
and Rm using Eq. 14 & 15 using [VAP,max = 10 mV, Vrmp = -50 mV, Vion = +50 mV, Rs = 80 MΩ] and the data from 
Supplementary Fig. 11e. d, Calculations of Eq. 13, left, and Eq. 11, right, using [VAP,max = 10 mV, Vrmp = -50 mV, 
Vion = +50 mV, Rm = 500 MΩ, Rs = 80 MΩ] and sweeping Rjm from 18.8 GΩ to 400 MΩ. 

 

 

To investigate the relationships between Rjm and Rs during intracellular access, a series of 

ramped stimulations in the pCC configuration was applied every 60 s during a 19 min recording, 

numbered 1 to 17 in Figure 3.11b. During each ramped stimulation two trends are observed: a 

decrease of the measured AP amplitude and an increase of the neuron’s AP frequency, Figure 
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3.11c. Both effects are attributed to the injected current depolarizing the neuron (Vm becoming 

more positive) during stimulation (Eq. 4): with Vm rising during the stimulation, and as the action 

potential maximum voltage is fixed, the intracellular AP amplitude becomes smaller. Therefore, 

the attenuated recording of ΔVm using the electrode and current-clamp electronics (Eq. 3), also 

measures a decreasing amplitude signal (the same trend is also seen in the pVC configuration in 

Supplementary Figure 3.12b). Likewise, it is well known that the AP firing rate of a neuron is 

roughly proportional to the amount of injected current during stimulation. Therefore, as the 

amount of injected current increases during the ramped stimulations, the neuron AP firing rate 

increases proportionally. Beyond a single stimulation, a general trend over the course of all the 

stimulations shows an increase in the coupling magnitude and larger drops in AP amplitude 

during stimulation, Figure 3.10e. These measurements enable us to draw the relationship 

between circuit parameters and extract their values. 

 A model (e.g. Supplementary Fig. 10d) based on the circuit of Figure 3.10a and 

calculated using the data of Figure 3.10e, shows that all of these observed behaviors can be 

reproduced with an Rjm that slowly decreases over the course of the current injection, Figure 

3.10b bottom. To more clearly elaborate this point, a more simple simulation which sweeps Rjm, 

starting at ~20 GΩ and decreasing to 400 MΩ, and assumes typical values for all the other 

parameters in the circuit model [VAP,max = 10 mV, Vrmp = -50 mV, Vion = +50 mV, Rm = 500 MΩ, 

Rs = 80 MΩ] can match the same drop of AP amplitude pattern of the measured data, Figure 

3.10f. Further calculation of Ijm, Figure 3.10g, shows the underlying mechanism: as Rjm 

decreases the amount of injected current increases, which in turn causes larger depolarizations 

and therefore larger drops in AP amplitude. Plotting the measured firing rate versus this injected 
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current Figure 3.10h shows the direct relationship between the change of the AP firing frequency 

and the amount of injected current for all stimulations, further verifying the model.  

To calculate Rm, Rjm and Rs during an intracellular recording, we use Eq. 14 & 15 and 

fittings to the measured data of Figure 3.10e. In the first calculation, we choose to fix Rm and 

solve for Rjm and Rs since Rm, representing the non-junctional membrane, should remain stable 

during the recording. The result is shown Figure 3.12a for Rm = 500 MΩ. From the calculation, 

Rjm is relatively stable whereas Rs increases over the course of the recording. Although such an 

increasing Rs can reproduce the change in AP amplitude, as highlighted in a simplified 

simulation that fixes Rm = 500 MΩ and Rjm = 350 MΩ and sweeps Rs, to produce similar results 

as the measured data (Figure 3.12b left), the general trend of Vm, however, shows the neuron 

would be strongly depolarized during the majority of recording (Figure 3.12b right), which 

would prevent normal neuronal function. This data supports that an increase in Rs to reproduce 

the drop of AP amplitudes during stimulation is unfeasible, as the neuron would be unable to 

properly function over the course of the whole recording. 

To better model the system, Eq. 14 & 15 were instead solved for Rjm and Rm with Rs 

adjusted for values between 1 MΩ to 1 GΩ. The general trend of these calculations was a 

decreasing Rjm and a relatively stable Rm, as shown in Figure 3.12c for Rs = 80 MΩ. A fixed Rs 

and a decreasing Rjm throughout the experiment not only reproduces the measured change of AP 

amplitude, but it also shows that Vm stays close to Vrmp, allowing the neuron to be at a Vm that 

allows for normal neuronal function. This is shown in Figure 3.12d where Rs = 80 MΩ and 

Rm =500 MΩ and Rjm is swept. In conjunction with a gating/opening of ion channels, the gradual 

reduction of Rjm throughout the recording could relate to a gradual increase in the number of 

gated/opened ion channels of the junctional membrane or an increase of the portion of the cell 
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membrane becoming gated/opened. Overall, the trends of the measured data could be reproduced 

using the values of [VAP,max = 10 mV, Vrmp = -50 mV, Vion = +50 mV, Rm = 500 MΩ, Rs 

= 80 MΩ, 18.8 GΩ > Rjm > 400 MΩ]. This model assumes that Rjm decreases over the course of 

the recording due to a gating/opening of a majority of Na+ channels as a result of a reduction of 

the transmembrane potential with a negative Ie. A loss or decrease of coupling is therefore 

attributed to a decreasing Rs: this would not only lessen the recorded amplitude due to Eq. 3, it 

would cause a depolarization of the neuron (Figure 3.12b), and an eventual reduction of Rjm as Vj 

would become more positive and the transmembrane potential would become more negative, 

closing the Na+ ion channels. Due to the slow time scale of the typical loss of coupling being on 

the order of a minute or longer, we attribute this decrease to a possible clearing of membrane 

proteins with the current flow through Rs (and the associated electric fields in solution). Sudden 

decreases of coupling may be due to a quicker movement of the neuron or membrane. 

3.6 Neural network measurement  

As demonstrated, an individual pixel of our CNEI performs a stable, controlled intracellular 

recording of subthreshold PSPs as well as ion-channel currents, similarly to the patch clamp 

electrode. The key trait that separates the CNEI from the patch-clamp electrode is its scalability: 

the CNEI parallelizes the high-fidelity intracellular recording with its 4,096 densely populated 

channels (Figure 3.13a-b). We demonstrate this with each pixel configured in the pCC mode: 

with a negative current applied to each pixel electrode (Ie = -1.1 nA), we measure intracellular 

membrane potentials across a network of rat cortical neurons cultured on top. For example, in the 

data presented in Figure 3.13a, we observe bursts of synchronized firings across the CNEI, and 

during these bursts, we measure from up to 1,837 pixels in parallel, achieving a coupling rate of 



 

64 

 

~44 %. The median amplitude of APs during the network bursts in Figure 3.13a is ~200 µV but 

individual amplitudes can be as large ~10 mV.  

 In another array-wide recording with a duration of 19 min, we perform periodic 

stimulation (6 s every 1 min) to excite the network and induce more neuronal activity (Figure 

3.13b). In the 19-min span, we record intracellular signals from 1,728 pixels, with a maximum of 

982 pixels intracellularly coupled simultaneously at ~6 min after the start of the current injection. 

The inset of Figure 3.13b, middle, also shows how the number of the simultaneously 

intracellularly coupled pixels varies with time. The coupling duration of a pixel, defined as the 

time difference between the first and last recorded intracellular APs, ranges from <10 s to the full 

extent of the recording, 19 min (limited by the data acquisition rate of 4 GBytes/min), with a 

median of ~8 min (495 s). Figure 3.13b, middle, is the histogram that shows the distribution of 

the count of pixels (out of 1,728 intracellularly coupled pixels) over the range of the coupling 

duration up to 19 min: 569 pixels remain intracellularly coupled over 10 minutes. The median 

AP amplitude of each pixel is similar to that of the spontaneous burst of Figure 3.13a, but 

because the typical signal magnitude increases over time, the maximum AP amplitude measured 

at a typical pixel in the experiment of Figure 3.13b with the increased activity is much higher, 

with the median value of 2.54 mV. 
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Figure 3.13 | Network level intracellular measurement of dissociated rat neurons in the pCC configuration. a, 
Intracellular recordings across the array using Ie = -1.1 nA show synchronized firings: large network bursts 
involving 1,837 pixels (left, Burst 1) and 1,882 pixels (Burst 2), show correlated spikes (middle, histogram bins of 
10 ms) at 153 s and 263 s of the experiment, respectively. The AP spike amplitudes are extracted from both events 
(right), with an array median of 172 µV and 229 µV, respectively. b, Another array-wide intracellular recording, 
with continual stimulation and a total of 1,728 pixels (left) intracellularly coupled throughout the 19-minute 
recording. The coupling duration (middle, median of 495 s) and AP spike amplitude (right) are characterized. The 
total number of simultaneously intracellularly coupled pixels as a function of time is plotted in the middle inset, with 
a maximum of 982 pixels being simultaneously intracellularly coupled at time 396 s. c, Array-wide stimulation 
increases the overall synaptic network activity: stimulated APs of the presynaptic neuron (blue: S►APs) induce 
excitatory PSPs in the postsynaptic neuron (magenta, APs►PSPs). When the PSPs are close enough to summate 
and exceed threshold, an AP fires (PSPs►APs). d, Spontaneous (non-stimulated) membrane potentials of the 
middle neuron (magenta) can be related to the left neuron via their synaptic connection (blue) and the local 
electrochemical field (LFF) that also excites the right neuron (green). APs from the blue neuron induce excitatory 
PSPs that in turn induce APs. The LEF induces membrane oscillations (MOs); large MOs cause the neurons 
(magenta and green) to exceed their thresholds to fire APs (MO►APs).  
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3.7 Network-wide mapping of synaptic connections.  

With the unique ability to measure subthreshold membrane potentials from many neurons 

simultaneously, the CNEI in the pCC configuration can locate and characterize synaptic 

connections and other signal pathways across neuronal networks with the fluency unmatched by 

patch clamp electrodes. Figure 3.13c-d shows example recordings that illustrate this point. 

Network-wide stimulation is first used to find an example of a pair of connected neurons (blue 

and magenta, Figure 3.13c): as we apply a current pulse to every pixel, APs fire in both neurons, 

but the APs of the presynaptic neuron (blue) also cause closely spaced PSPs in the postsynaptic 

neuron (magenta), which can summate to reach threshold to fire a new AP ~11.8 ms after the 

second. In Figure 3.13d, unstimulated APs in the presynaptic neuron (blue) cause EPSPs in the 

postsynaptic neuron (magenta) ~260 µm away, where closely spaced EPSPs summate to trigger 

eventual APs. Separately, in Figure 3.13d, two neurons (magenta and green) ~80 µm apart with 

no direct synaptic connection slowly oscillate together, and when these slow oscillations exceed 

threshold, the neurons fire temporarily correlated APs often with multiple APs per oscillation. 

These spatially localized slow oscillations are caused by a local electrochemical field (LEF): this 

is confirmed by the addition of isoguvacine (GABA agonist) that increases the frequency of such 

oscillations (Figure 3.14).  
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 The summation of PSPs into an AP seen in Figure 3.13c-d is a characteristic typical of 

chemical synapses between neurons. A further analysis of measured PSPs reveals another 

characteristic essential to chemical synapses: the quantization of the PSP amplitudes. For 

example, consider an excitatory synaptic connection found from a network-wide recording 

(Figure 3.15a). In this connection between two neurons separated by ~398 µm, each AP in the 

presynaptic neuron (blue) induces an EPSP in the postsynaptic neuron (magenta)  

with an average delay of 1.7 ms (this time is on par with patch recordings of synaptic delays in in 

vitro networks42), with a varying amplitude of the EPSP (Figure 3.15a, left). These variable 

EPSP amplitudes are clearly quantized as multiples of 45 µV (in comparison to the AP amplitude  

 

Figure 3.14 | Intracellular mapping of giant depolarization potentials (GDPs) due to drug application. a, The 
slow nature of the oscillations of Fig. 3d and other recordings (e.g. Supplementary Fig. 4c) closely resemble LEF-
induced giant depolarization potentials (GDPs), which can occur in developing neuronal cultures2. To confirm this 
origin, we applied the drug isoguvacine, a GABA synapse agonist, which is known to increase such GDP activity2. 
Indeed, ~1 to 2 min after the drug application, an increase of the frequency of the oscillations was observed 
accompanied by an increase in magnitude of the depolarizations and burst firing. This experiment confirms that the 
LEF-induced oscillations are indeed from the same mechanism as LEF-induced GDPs. b, A clear spatial 
propagation of the LEF-induced GDPs is mapped through intracellular measurements from 65 neurons within a 
~300 µm × ~300 µm area (bottom). Voltage line traces (normalized amplitude) are arranged vertically in the plot 
(left) and colored in the spatial map (right) based on their first measured electrical activity. Two LEF-induced GDP 
propagations are observed and indicated with arrows in the voltage trace plot. In comparison to the slow and long 
LEF-induced GDP propagation of ~1 mm/s, synaptically induced AP activity, shown in the inset, acts on a time 
scale ~100× faster. Though the presence of these GDPs in young neuronal cultures is well known for creating 
synaptic connections through “fire together wire together” activity2, intracellularly mapping of such propagations 
with high spatiotemporal resolution has not been possible until now3.  
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Figure 3.15 | Measurement of chemical synapse characteristic and network-wide mapping of synaptic 
connectivity with the pCC configuration. a, A connection from the presynaptic neuron (blue) to postsynaptic 
neuron (magenta) displays varying PSP amplitudes (left) with their average shown in black. The synaptic 
propagation delay, Δt = 1.7 ms, from the presynaptic neuron AP (average in blue) is estimated. Amplitude histogram 
of 149 PSPs (right) shows a distinct quantal amplitude of 45 µV (in comparison to an AP amplitude of 5480 µV). 
Six quantized amplitudes are clearly observed, the amplitude of ~180 µV being the most frequent. b, Addition of 
APV (NMDA antagonist), CNQX (AMPA antagonist), and bicuculline (GABA antagonist) to a neuron which 
exhibits both EPSPs and IPSPs (t1, upper right), quickly reduces the frequency of PSPs and further AP activity (t2, 
lower right). c, Connections between presynaptic and postsynaptic neurons are mapped across a neuronal network 
using spike-triggered-averaging. Pixels recording intracellular membrane potentials during the experiment are 
indicated in gray (the same neuronal network and coupling as Fig. 3b). A total of 304 synaptic connections between 
396 neurons are mapped and indicated with an arced line from the presynaptic (blue) to postsynaptic (orange) 
neuron’s pixels. d, Propagation delay (top) and propagation distance (middle) extracted from the network in (c). Bin 
sizes are 0.5 ms and 40 µm. Correlation between propagation distance and the propagation delay (bottom), with a 
best linear speed fit of 110 mm/s. 
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of 5.48 mV) (Figure 3.15a, right), which is due to the quantal nature of the chemical synapse. 

The PSP amplitude quantization has thus far been able to be resolved only with patch clamp  

recordings43,44. So the study here not only confirms that the PSPs we measure are indeed from 

chemical synaptic connections, but also highlights the high sensitivity of the CNEI’s intracellular 

recording (these essential characteristics of PSPs have not been apparent in other electrode-based 

works27,30,41 that have claimed to measure PSPs). A control experiment (Figure 3.15b) shows the 

reduction of measured EPSP and IPSP activity with the application of synaptic blockers, which 

further confirms the chemical origin of the synapses. 

The highlight demonstration of the unprecedented parallelism of PSP-level recording is the 

explicit mapping of the synaptic connectivity among thousands of neurons across the entire array 

(Figure 3.15c-d). The basic program for this mapping is to identify and correlate presynaptic APs 

 

Figure 3.16 | Additional synaptic connection detection data. a, At least 2 other neurons are also clearly synapsed 
by the same presynaptic neuron of Fig. 3d with EPSP induced APs observed in the same time window (green and 
red).  A single window around a presynaptic AP is plotted at t1 to observe subthreshold signals without induced APs. 
By extending the analysis outside of this time window, a total of 6 postsynaptic neurons are found to have EPSP 
signals that appear correlated with the presynaptic neuron’s APs, visualized in an example 2 min earlier in the data, 
t2. b, Performing spike-triggered-averaging (Methods) on the pre-synaptic neuron’s APs throughout this 2 min time 
window (n = 90) allows for better resolution of the EPSPs of all six neurons. c, These connections are mapped using 
their pixel locations and an arced line from the presynaptic to postsynaptic neuron’s pixel. 
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and resulting PSPs––as we have shown a few examples in Figure 3.15a––across the array. In 

particular, we use APs of any given pixel (“origin” pixel) as a trigger for averaging the other 

4,095 pixels’ signals and identify the “target” pixels exhibiting clearly time-correlated PSPs. 

More examples of the origin and target pixel detection can be found in Figure 3.16 and Figure 

3.17,  The detection of these PSPs indicates synaptic connections between the neurons on the 

“origin” and “target” pixels. By applying this process to the array-wide 19-min long intracellular 

recording data of Fig. 3b, we map 304 synaptic connections between 396 neurons (Figure 3.15c) 

amongst 1,728 neurons that are intracellularly coupled. 

 

Figure 3.17 | Additional examples of spike-trigger-averaged synaptic signals. Thirty examples of pre-synaptic 
and post-synaptic signals from the 304 connections measured in the experiment presented in Figure. 3.15c-d 

 

 Most of these synaptic connections have propagation delays less than 5 ms with a median 

of ~2 ms (Figure 3.15d, top), suggesting that these connections are monosynaptic, or without 

intervening neuronal connections. The median pixel distance between pre- and post-synaptic 



 

71 

 

neurons (Figure 3.15d, middle) is 228 µm with preponderance of shorter synaptic connections: 

this observation provides a rough measure of the distribution of neurite routing lengths in our 

array. Moreover, the plot of the propagation delay and distance indicates that the signal 

propagation speed is ~100 mm/s (Figure 3.15d, bottom), a value consistent with other measured 

propagation speeds ex vivo45. The large variance in the delay-distance correlation is likely due to 

the random distribution of synaptic cleft propagation delays (as short as 300 µs and up to ~5 

ms42,46) and the actual neurite routing being deviant from the pre-to-post synaptic pixel distance. 

 

Figure 3.18 | Spike-triggered-averaging and spike cross correlation comparison. a, (Top) Spike-triggered-
averaging (Methods) reveals an excitatory connection between a presynaptic (blue) and postsynaptic (magenta); 
normalized amplitude. (Bottom) The cross-correlogram of the two neurons extracted spike times (Methods) also 
shows an excitatory connection with a similar propagation delay. Bin size of 1 ms. b, The capability of PSP 
measurement allows weak synaptic connections to be mapped that are not detected with AP cross-correlation: 304 
versus 63 connections are found using spike-triggered-averaging (top) versus spike detection and cross-correlation 
(bottom).  
 

 

The CNEI’s combination of subthreshold sensitivity and parallelism is crucial for accurate 

and efficient synaptic connectivity mapping. For instance, the analysis of the data in Figure 

3.13b using AP spike cross correlations (one of the common methods employed in MEA 

studies32,47, Figure 3.18) identifies only 63 (21%) out of the 304 connections detected in Figure 
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3.15c. This accentuates the importance of the CNEI’s ability to measure subthreshold PSP 

signals45. Other synaptic mapping methods, notably the ones that rely upon multiple patch 

clamps6 or patch clamp in conjunction with Ca2+ imaging1, optogenetic stimulation2,3, or MEAs4, 

are limited by the number of simultaneous patch recordings (less than ~10 vs. 4,096 in our 

CNEI), resulting in prohibitively low throughput for network-wide mapping. Our mapping of the 

~300 synaptic connections amongst the intracellularly coupled ~1,700 neurons with only the 19 

min recording time highlights the striking contrast in the experimental throughput.  

3.8 Conclusions 

In summary, we have optimized the all aspects of our experiment – CMOS circuits, 

nanoelectrodes interface and biological systems – over the previous generation of the CNEA 

devices to build the new CMOS Neuro-Electrode Interface. With this new platform, we 

demonstrated high fidelity intracellular recording from mammalian neurons recording both 

action potentials and post-synaptic potentials. We extended the simultaneous recording to 

thousands of cells at the same and correlated their electrical signal to infer the neuron network 

connections.  

Since in vitro cultures are frequently used in the electrophysiological screening of 

pharmaceutical candidates for neurological disorders, the capability of the CNEI should be 

readily applicable to, and improve, such pharmaceutical screening applications. Furthermore, its 

demonstrated compatibility with iPSC-derived neurons shows its flexibility of cell-type for these 

applications. The patch clamp has been traditionally the method of choice for measuring 

electrical responses of neurons to chemical inputs, but is inherently low throughput and 

incapable of measuring network dynamics and connections efficiently; in contrast, the CNEI can 
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examine the effects of chemical inputs with much higher throughput and at a network level.  

Further major improvements in the passive electrode design and the active circuit functions can 

expand the device capability to ex vivo and in vivo samples, opening up new vistas in synaptic 

connectivity mapping of the brain. 
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Chapter 4  

 

CMOS Pillar Electrode Array (CPEA) Devices 

4.1 Introduction 

Despite the experimental success of the CNEA and CNEI devices, one of the critical 

feedbacks we receive from reviewer and also one of the aspirations we heard from neuroscientist 

is that they think the system is limited to in vitro cultures. Although in vitro culture has 

contributed significantly to many neuroscience discoveries, people start to realize that there’s 

clear distinction between the random network formed by unmyelinated neurons cultured in a dish 

VS the 3D organized neural networks in living brains. Therefore, we decide to try to use our 

device for brain slice experiment. The brain slice preparation has unique advantage over in vitro 

network in that it mostly preserves the native state of inherent neural circuit in the brain. 

Compared with in vivo – live animal – measurement, brain slice experiments are much easier to 

implement and offers more flexibility for electrophysiological and pharmaceutical interrogations. 

In addition, the two-dimensional form factor of brain slice also works well with the array fashion 

of electrodes, the idea is to place the brain slice directly on the CMOS neuron device and 

perform similar network-level multiplexed measurement to study its neural connections.  
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The system we choose to experiment on is the mouse olfactory bulb, it is the hub for 

processing olfactory information before it is sent to cortex for higher level decision making. 

Mouse olfactory bulb has a layered structure consisting of, from outside to inside, glomerular 

layer, external plexiform layer, mitral cell layer and granule cell layer. The neural information 

gets relayed from layer to layer and processed within the layer too. The odor is first sensed by a 

specific group of olfactory sensory neurons in the nose and their signals are sent to the outermost 

glomerulus to be relayed to tufted cells and mitral cells in the middle. Then under the modulation 

of the inner most granule cells the mitral and tufted cells project their axons into the cortex to 

pass on the information for future process.  

Our device is particularly suited for studying this system. Firstly, the size of our electrode 

array can cover the whole size of the mouse olfactory bulb, so all the layers will be covered. 

Secondly, the layered neural circuit structures ensures that most circuit connection will be 

preserved during the radial cuts, allowing us to study the representative circuits in 2D. Thirdly, 

we have a great relationship with Prof. Venkatesh Murthy here in the Molecular and Cellular 

Biology department of Harvard University, he’s a world expert in olfactory neural circuits and 

has also been very kind to provide us with brain slices for study. Although the general circuit 

model for olfactory bulb is already known by the community, the model is still rough and 

incomplete, and the back-propagation/feedback of information in this neural circuits and the 

interactions of the neurons within the same layers are just some of the topics our device can 

contribute to.  
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4.2 Device fabrication  

With the unique opportunities, Slice also pose special challenges for our device. During the 

brain slice preparation process, the surface layer of cells will be dead due to the damage caused 

by the sharp slicing blade, leaving a ~ 30 µm thick dead cell layer. The nanowire electrodes we 

used in for the in vitro intracellular measurement are only 1-3 µm tall and thus will be 

completely buried in the dead cell layer. To overcome this problem, we’ve developed a process 

of building rigid tall electrodes with sharp tips onto our devices, so that the tall pillars can 

penetrate through the dead cell layer reaching the living cells and the sharp tips can perform 

intracellular measuring protocols. The core structures of the pillar electrodes are made with SU-8 

two layer lithography (Figure 4.1a), the pillar is 50 µm tall and 10 µm in diameter while the top 

tip is 10 µm tall and 2 µm in diameter. Due to the shadow casted by the tall pillars during the 

photolithography process, small pitch and dense array of pillars inevitably lead to blurred 

exposure patterns in later metallization lithography steps and end up shorting all electrode 

together. In compromise, we are only building one pillar per every nine pads (441 pillars in total) 

due to this fabrication constraints. In addition, each electrode is connected to two pads/pixel 

circuitry (top left and bottom right) so that we can perform different two measurement protocols 

(E.g. AC and DC measurement) at the same time. (Figure 4.1b) All surface areas of the electrode 

are insulated with SiO2 with only the very tip exposed so that we are only recording from the live 

cells at the tip. (Figure 4.1c) The small dimensions of the exposed metal electrode also enable us 

to explore intracellular measurement capabilities. 

 

 

 



 

77 

 

 

Figure 4.1 | Fabrication process of tall pillar electrodes.  a, Fabrication process flow of tall pillar electrodes. 
Two-layer SU-8 lithography has been used to define the core mechanical structure of pillar with tip, then metal 
sputtering, ALD insulation and tip exposure are used to metalize and insulate the pillar with only the tip exposed. b, 
SEM picture of pillar electrode arrays after metallization. This picture shows the device has one pillar for every nine 
pads and the pillar is connected to two pads with opening on the top left and the bottom right corner. c, SEM picture 
and pillar electrodes after fabrication, from the blow up it is clear the whole pillar is insulated while only the tip is 
exposed. 

 

4.3 Brain slice extracellular measurement.  

In collaboration with the Murthy Lab from Harvard MCB, we’ve carried out initial 

measurement on brain slices. Dr. Joseph Zak provided the mouse olfactory slices for us. To 

accommodate the experiment, we have built special oxygenation setup so that the waiting brain 
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slices are oxygenated throughout to keep them fresh. We also have perfusion system built up to 

supply the experimenting brains slice with freshly oxygenated media, unfortunately the perfusion 

of solution caused noise in the electrical recording and were stopped for electrical measurement. 

Figure 4.2a shows a typical setup of brain slice sitting on top of our device.  

In this set of experiments, we were able to measure in real time a limited number of 

neuron’s extracellular action potentials in the brain slice. ( Figure 4.2b,c) These action potentials 

showed a stable firing frequency and with averaging we can remap the local propagation pattern 

of this action potentials. (Figure 4.2d,e) We attribute the lack of activities in the experiments to 

the silent nature of olfactory bulbs, as the neurons usually do not fire by themselves in resting 

state. Moving forward we are planning to use the capability of the circuit to stimulate part of the 

slice and record the results from the other regions to establish the circuit connections.   
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Figure 4.2 | Brain slice extracellular measurement on CPEA devices. Fig.3 Ex vivo brain slice data. a, 
Experimental setup. b, Averaged extracellular action potential data. c, Real time extracellular action potential spikes. 
d, time interval between action potentials shows a stable firing frequency. e, Mapping action potential propagation 
with spike time triggered averaging showed a localized propagation pattern. 
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